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High-resolution sequence stratigraphy coupled with understanding of 
diagenetic processes within carbonate strata improves our understanding of 
platform evolution controls, facies models, and reservoir quality.  The Cupido 
platform (Barremian to Aptian) exhibits well developed cyclicity and provides 
unparalleled outcrops to investigate platform morphology, depositional settings, 
sequence stratigraphic development, origin of high-frequency cycles, and 
possible climatic controls on early dolomitization across the shelf. 
High-frequency cycles stack into twelve depositional sequences (A-L) that 
correlate across the platform, which, in turn, build into the highstand part of 
composite sequence I, two complete composite sequences (II and III), and the 
transgressive based portion of composite sequence IV.  Cupido platform interior 
 viii
cycles show evidence for an allocyclic origin, including (a) symmetric and 
asymmetric peritidal and subtidal cycles, (b) lateral continuity across facies 
tracts, and (c) incomplete subtidal cycles.  
Spectral analyses of cycle thickness reveal a strong Milankovitch signal 
when sedimentation rate is assumed constant within cycles and cycles are tuned 
to orbital precession.  High spectral density peaks are present for long and short 
eccentricity (E) period calculated for the Early Cretaceous times: E1 (264-392 
kyr), E2 (89-98 kyr), and E3 (107-126 kyr). Obliquity component with peaks at 
period (38-59 kyr) are also present.  Strong correlation of Milankovitch signals 
across the platform suggests that the lateral continuity of high-frequency cycles 
was caused by shelf-wide sea-level fluctuations. 
Early dolomitization of the highstand lower Cupido deposits (LCu) possibly 
occurred in modified seawater within subtidal and supratidal zones, both at high-
frequency cycle-scale and depositional sequence-scale.  Dolomitization patterns 
appear to be linked to Milankovitch-induced 4th-order sea-level events. The 
transgressive portions of depositional sequences are more pervasively or 
preferentially dolomitized compared to the highstand portions. Thickness and 
periodicity clusters of completely dolomitized cycles are equivalent to thickness 
and duration of depositional sequences. The results strengthen arguments for 
the role of Milankovitch-induced sea-level fluctuations in the development of 
greenhouse carbonate platforms and its control on early dolomite distribution in 
specific settings.
 ix
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Chapter 1.  Introduction 
 
The early Cretaceous was distinguished by globally high sea level, 
greenhouse climate, and deposition of thick broad tropical carbonate platforms 
(Figure 1-1). Some of the world’s largest hydrocarbon reservoirs exist in these 
platforms, for example, the Cretaceous platforms of the Gulf of Mexico (GoM) 
and the Shuaiba Formation in the Middle East. During the Barremian to Albian, 
thick carbonate platforms developed around the ancestral GoM (Scott, 1990; 
Wilson and Ward, 1993). The Cupido Formation of northeastern Mexico 
represents part of this extensive carbonate system (Wilson, 1990; Goldhammer 
et al., 1991a; Lehmann et al., 1998; Goldhammer, 1999: Figure 1-2). The Lower 
Cretaceous Cupido platform extends northeastward into Texas and is equivalent 
to the Sligo platform of the subsurface Texas Gulf Coast (Conklin and Moore, 
1977; Wilson and Pialli, 1977; Goldhammer, 1999; Figures 1-2 and 1-3).  
The Lower Cretaceous stratigraphy of northeastern Mexico and South 
Texas is relatively well-known and has been the focus of extensive studies 
carried out since the mid 1930s. Very few studies (Ortega, 2002), however, have 
focused on dolomitization of the Cupido Formation and controls on dolomite 
distribution within coeval strata. Most previous studies have focused on 
interpreting the sequence stratigraphic framework of the Cupido Formation 
(Goldhammer et al., 1991a; Goldhammer, 1999; Lehmann et al., 1999; Foster, 




Figure 1-1.  Paleogeographic map of the Cretaceous (about 98 Ma).  
Map showing approximate reconstruction of the former positions of the 
continents.  The belt of carbonate platform development is shown with red lines 




Figure 1-2.  Paleogeographic map of Mexico and Texas. 
Map of the Barremian to Lower Aptian in the western Gulf of Mexico, modified 
from Goldhammer (1999).  The Cupido and Sligo Platforms are shown in blue.  
Outline of Mexico and U.S. border is dashed in black.  The orange box 
represents the study area. 
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Figure 1-3.  Chronostratigraphic chart. 
 4
Chart for northeast Mexico and Texas Gulf Coast. The composite eustatic curve 
is from Haq et al. (1987).  Time scale is from Hardenbol et al. (1998) and 
Gradstein et al. (1995).  Second-order sequence boundary ages are 
approximations in Ma.  Abbreviations are: LST-lowstand system tracts, TST-
transgressive system tracts, HST-highstand system tracts, LSW-lowstand 
wedge, SMW-shelf margin wedge, MFS-maximum flooding surface.  Lithologies 
are discussed in text: purple is shale, gray is chalk, yellow is siliciclastic, green is 
the regressive portion of carbonates, and blue is the transgressive portion of 
carbonates.  Pinnacle reefs and buildups are shown as small domes.  FW1 and 
FW2 refer to parts of the La Casita Formation defined by Fortunato and Ward 





Thick carbonate successions are commonly characterized by upward 
shallowing high frequency cycles that are extensively dolomitized (Wilson, 1975; 
Grotzinger, 1986; Moore, 1989; Koerschner and Read, 1989; Gao and Land, 
1991; Montañez and Read, 1992). The type of high-frequency cycles and their 
stacking pattern can be used to interpret larger scale depositional and composite 
sequences. Stacked partially to completely dolomitized high-frequency cycles 
result in partially to massively dolomitized sections. Several conclusions have 
been made over the years linking overall dolomite distribution and sequence 
stratigraphy (for example see Harris, 1973; Wilson, 1975; Gorody, 1980; James, 
1984; Given and Wilkinson, 1987; Lumsden, 1989; Kerans and Lucia, 1989; 
Montañez and Read, 1992; Balog, 1999; Smith et al., 2004; Altobi, 2006; Table 
1-1).  
The Cupido Formation has well developed meter-scale high-frequency 
cyclicity that has been linked to sea-level changes (Goldhammer et al., 1991a; 
Lehmann et al., 1999; Altobi et al., 2004). Hence, it provides a good opportunity 
to evaluate the role of sea-level change on early dolomite distribution in shallow 
carbonate successions. The excellent outcrops of the Cupido Formation within 
the Sierra Madre Oriental (SMO) and the Coahuila Marginal Fold Province 
(CMFP) are the focus of this study. Outcrop-based studies gain advantages over 
subsurface studies because of the ability to examine and describe rocks and 
their sedimentary structures directly and to observe lateral and vertical variations  
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Table 1-1.  Previous studies. 
Summary of previous conclusions linking dolomite distribution and sea level. 
 
 
in rock textures and facies between closely-spaced sections. Large outcrops also 
provide a two-dimensional view for better correlation. 
The first objective of this study is to thoroughly develop the depositional 
model and describe platform evolution, and sequence stratigraphic framework for 
the entire Cupido Formation. The conclusions of the first objective will clarify the 
driving mechanism of meter-scale cyclicity in the Cupido Formation, and the 
basin-wide extent and correlation of lower order cyclicity with regional or global 
processes (e.g., sea-level fluctuations). The second objective of this study is to 
characterize early dolomite types and their distribution across the shallow-water 
Cupido deposits, to identify possible dolomitization mechanisms and to document 
any sequence stratigraphic controls on spatial occurrence of early dolomite.  
Ensuing this introductionary chapter, the dissertation is divided into three 
main chapters, which are each formatted for individual publication and a final 
conclusion chapter. Chapter 2 describes the depositional facies, cycle stacking 
patterns and the sequence stratigraphic framework of the Cupido Formation. The 
comparative sedimentology approach (Ginsburg, 1974) is used to interpret 
depositional environments and facies proportions, in order to determine the 
paleoenvironmental location of the measured stratigraphic sections and hence 
build a depositional model for the Cupido Formation. Vertical variations in facies 
and stacking patterns are used to evaluate sea-level history and changes in the 
depositional model through time. Chapter 3 addresses the nature and origin of 
cyclicity observed in the Cupido Formation. Qualitative and quantitative 
 8
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techniques including Fourier-based spectral analyses (for example, Blackman-
Tukey and smoothed periodogram) were used to determine the presence or 
absence of periodicity. These analyses of cycle types, characteristics, and 
distributions were used to determine whether cyclicity is due to an allocyclic or 
autocyclic mechanism. In particular, the role and extent of Milankovitch orbital 
forcing is evaluated. Chapter 4 specifically describes dolomite distribution within 
the Cupido Formation and its relationship with the evident cyclicity. Using the 
high-resolution sequence stratigraphic framework, field and laboratory analyses 
were carried out to identify trends in vertical and lateral dolomite distribution 
within the Cupido Formation. The link between dolomite distribution and different 
orders of cyclicity was investigated to determine the degree to which 
dolomitization patterns fit into  the sequence stratigraphic framework. Finally, 
Chapter 5 summarizes the conclusions and contributions of the entire study  
IMPORTANCE AND SIGNIFICANCE  
 
Dolomite has presented a dilemma since its origin was first considered 
over one hundred years ago. Several types of studies have attempted to solve 
the “dolomite problem”. The problem arises from 1) the inability to synthesize 
dolomite inorganically in the laboratory under standard temperature and pressure 
(STP, 25 ºC and 1 atm, respectively) despite its widespread occurrence in 
carbonate rocks of different ages and different depositional environments 
(Warren, 2000), 2) rarity of dolomite in modern environment compared to ancient 
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environments. Some argue that widespread dolomite forms mostly in association 
with near-surface hypersaline brines, others that it can form from schizohaline 
waters, and still others that the time required to form such large volumes of 
dolomite means that the process must predominantly occur in the subsurface 
and perhaps is tied to long-term circulation of seawater through platform 
sediment (Land, 1985; Hardie, 1987; Warren, 2000). Observations that most 
modern dolomite is associated with evaporitic settings and the fact that much 
smaller pore volumes of hypersaline water are required to dolomitize a given 
volume of limestone (Warren, 1999) has led to the following conclusions: 1) 
“dolomite is an evaporitic mineral” Friedman (1980), and 2) large-scale dolomite 
has an origin related to salinity-elevated seawaters (Sun, 1994).  
This study is not an attempt to tackle the “dolomite problem”. Instead, the 
study hopes to contribute to the long term pursuit of solving this problem by 
understanding the two main objectives: the depositional model and sequence 
stratigraphic framework for the Cupido Formation, and possible links between 
early dolomite distribution and sea-level changes. Recognizing links between 
sequence stratigraphy and early dolomite distribution would help in 
understanding environmental patterns of dolomite distribution and might highlight 
the possible role of sea-level changes on dolomite formation. If sea level does 
play a role in dolomite distribution, then a sequence stratigraphic framework 
might predict dolomite distribution within specific strata. Linking sea level to 
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dolomitization would help constrain the current accepted models for dolomite 
formation and timing. 
Carbonate rocks host more than 55% of the world’s hydrocarbons with up 
to 50% in dolomitized carbonate reservoirs. In North America alone, about 80% 
of hydrocarbon reservoirs are dolomitized carbonate rocks (Warren, 2000). 
Dolostones also host most Mississippi Valley-type (MVT) deposits of Pb and Zn 
(Warren, 2000). The economic value of dolomitized carbonate reservoirs is tied 
closely to reservoir quality, understanding of which can be improved by accurate 
predictions of dolomite distribution. Understanding the relationship between 
sequence stratigraphy and dolomitization within the Cupido Formation would 
have significant practical implications for better modeling and characterization of 
similar age reservoirs. It would also provide general models useful for carbonate 
systems of other ages. 
The study further emphasizes the value of combining in depth 
sedimentology, facies identification, comparative sedimentology and logging 
stratigraphic sections and high resolution sequence stratigraphic tools to: 1) 
develop a depositional model, 2) interpret platform evolution, 3) build a sequence 
stratigraphic framework for the entire Cupido Formation, 4) understand genesis 
of solution-collapse breccia, and 5) define the effect of syndepositional faulting 
on platform geometry. These data will be useful for hydrocarbon 





The Cupido Formation was identified initially as the lower member of the 
La Peña Formation by Imlay (1936) as he mapped the Sierra de Parras of 
northeastern Mexico. Imlay described this lower member as 427 m thick on 
average, light to dark gray, thick to medium bedded limestones separated from 
the Aurora Formation by the shaley upper member of the La Peña Formation. 
Through fossil identification he also postulated the Barremian-Aptian age of this 
Unit. He placed the lower member of the La Peña (i.e. Cupido Formation) within 
the Nuevo Leon Group (Imlay, 1944), which contains some stratigraphic 
equivalents of the Cupido Formation such as the La Virgen Formation.  
Humphrey (1949) measured these strata (Nuevo Leon Group) in the 
northern area of the Sierra de los Muertos and redefined Imlay’s La Peña 
Formation so that the lower portion became the Cupido Formation. He described 
the Cupido as “thin to thick bedded and massive limestones, dolomitic 
limestones, and dolomites with intercalated shales.”   
Humphrey and later Charleston (1974) restricted the age of Cupido 
Formation deposition to late Neocomian to early Aptian using ammonites in the 
La Peña and Taraises formations, above and below the Cupido Formation, 
respectively. Charleston (1974) was the first to combine field and petrographic 
studies with statistical analysis of lithofacies characteristics within the Cupido 
Formation and the surrounding stratigraphic components of Imlay’s Nuevo Leon 
Group (Imlay, 1944).  
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Ekdale et al. (1976) contributed a numerical analysis of the microfacies in 
Cupido Formation using Q-mode and R-mode cluster analysis and ordination, 
another classification technique. Using 16 characteristics determined from 
petrographic analysis of 100 samples, 15 microfacies were identified through Q-
mode and 8 main facies were defined using ordination. They concluded that 
several facies may develop at the same water depth and assume the same 
position within a cycle depending on their lateral position on the carbonate 
platform. As a consequence each upward shoaling cycle might not contain the 
exact same facies and in the same order. Ekdale et al. (1976) stated that the 
upper Cupido Formation, measured in Arteaga Canyon, does not contain perfect 
cyclothems but the cyclicity is indisputable.  
Conklin and Moore (1977) recognized the Cupido Formation as a 
progradational unit in an overall transgressing sea. Using detailed lithologic and 
paleontologic descriptions they divided the Cupido platform into six units (Figure 
1-4). Unit A contains basinal facies, Unit B is fore-reef slope talus facies, Unit C 
is organic reef facies, Unit D is near-reef shoal facies, Unit E is near-reef tidal flat 
facies, and Unit F is lagoon, restricted-lagoon and sabkha facies. Unit F is now 
termed the Cupidito member, the transgressive portion of the Cupido Formation 
(Wilson and Pialli, 1977). Conklin and Moore (1977) also organized three 
measured sections, at Potrero Garcia, Potrero Chico, and Potrero Minas Viejas, 
to illustrate vertical and horizontal facies relationships. These facies were then 
placed within a stratigraphic framework to develop a progradational platform  
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Figure 1-4.  Cupido Facies. 
Six facies divisions within the Cupido Formation by Conklin and Moore (1977).  
Unit F has been identified as the Cupidito member and Units A and B are 
equivalent to the Lower Tamaulipas Formation or the basinal portion of the 
Cupido Formation. 
model and paleogeographic facies/environmental model, later modified by 
Goldhammer et al. (1991a). 
Wilson and Pialli (1977) developed eight detailed facies descriptions of the 
Cupido Formation and incorporated several microfacies or subfacies of previous 
workers into their analysis. They presented interpretations of depositional 
environments for each facies, 3-8 correlating to Conklin and Moore’s units A-F, 
and also focused on the subfacies scale. Wilson and Pialli (1977) were the first to 
estimate the slope of the shelf margin to be very gentle, 1-2 degrees. They also 
made several comparisons between Aptian and Albian carbonate platforms and 
petrographically studied the porosity and diagenesis of the Cupido Formation for 
the interest of reservoir potential. Wilson and Selvius (1984) compared and 
combined Conklin and Moore’s (1977) facies to Wilson and Pialli’s (1977) facies 
belts. They also expanded the progradational model of the Cupido platform and 
designated the Cupidito member of the Cupido Formation as facies belt 8 and 
Unit F of Conklin and Moore (1977). Wilson and Selvius (1984) described the 
Cupidito member as cyclic lagoonal facies composed of chondrodonta 
wackestones and packstones with other non-skeletal grains and interpreted it as 
a transgressive deposit in the Upper Aptian placing a subtidal lagoonal 
environment above tidal flats. Wilson and Ward (1993) described the Cupido and 
Cupidito facies and rock textures and discussed the higher frequency cycles in 





Figure 1-5.  Barrier reef model. 
Model proposed for the Cupido platform by Wilson and Ward (1993).  The model is highly progradational with 
occasional tidal flats on the reef crest.  Note the position of Potreros Garcia, Chico, and Minas Viejas for 
comparison with the new model proposed in Chapter 2.
McFarlan and Menes (1991) provided descriptions of the Lower 
Cretaceous stratigraphy of northern Gulf of Mexico, Texas and Louisiana. They 
made comparisons and correlated the Cupido Formation to the Sligo Formation 
and the La Peña Formation to the Pearsall Formation. Their discussion, on the 
stratigraphy of the Gulf of Mexico during the Hauterivian-Aptian, attributed the 
transgression of the middle Aptian primarily to tectonic activity rather than to sea-
level changes.  
The detailed stratigraphy of the Mesozoic Gulf of Mexico was compiled by 
Goldhammer (Goldhammer et al., 1991a; Goldhammer, 1999) using 
chronostratigraphy in place of lithostratigraphy (Figure 1-3). Second order 
sequences of the Gulf of Mexico were recognized, compared to the Haq sea-
level chart (Haq et al., 1987) and broken down into their component sequences. 
In his chronostratigraphic and sequence stratigraphic summary, Goldhammer 
(1999) correlated the Mesozoic formations of the northern and western Gulf of 
Mexico. Subsidence and accommodation space modeling (Mr Sediment) and 
Fischer plots were utilized in the analysis of high-frequency cycles to determine 
low frequency sequence boundaries (Figure 1-6). The high-frequency cycles 
within the carbonate 2nd-order sequences of the Cupido Formation were studied 
using autocorrelation analysis and maximum entropy spectral analysis to 
determine the origin of their apparent cyclicity. Milankovitch allocycles and 
Ginsburg’s autocycles were compared to the data as well as the controlling 




Figure 1-6.  Accommodation plot. 
Plot of the Cupido Formation by Goldhammer et al. (1991a).  Data were taken from a measured section in Potrero 
Garcia and the analysis illustrates four potential 4th-order depositional sequences within the Cupidito member, the 
transgressive portion of the Cupido Formation. 
found to demonstrate strictly allocyclic Milankovitch origin or strictly random 
autocyclicity. 
Lehmann (Lehmann et al., 1998, 2000) reviewed the main facies types 
and the evaporitic/tidal flat peritidal cycles of the Cupido Formation. They created 
a simple facies model and contemplated multiple controls on the sedimentation 
processes. Lehmann et al. (1998) compiled data from multiple localities for 
peritidal cycle types in the Cretaceous. A deeper study in the ranges of the 
Cupido and Aurora formations resulted in minor corrections to previously 
designated ages, the most significant change being that the Cupido Formation is 
mid Barremian to late Aptian (Lehmann et al., 1999) as opposed to Lower 
Barremian to mid Aptian (Imlay, 1936). The map pattern of the Cupido reef 
margin was constrained using new measured stratigraphic sections (Lehmann et 
al., 1999) combined with previous work in the Sierra de Parras (Imlay, 1936). 
Lehmann et al. (2000) later focused on distinguishing composite sequences 
within the Lower Cretaceous of northeastern Mexico and found five between the 
Hauterivian and the Albian (Figure 1-7). Herein, the Cupido Formation is divided 
into two informal parts: thin bedded, progradational lower part known as Cupido, 
and thick-bedded transgressive part known as Cupidito member. Herein and 
thereafter, the lower Cupido part is called LCu (Figure 1-8). 
Ortega and Marrett (2001) attempted to relate fracture intensity to 
lithofacies of some Cupido sections and suggested that the degree of 




Figure 1-7.  Sequence stratigraphic interpretation. 
Sequence stratigraphic framework of the Lower Cretaceous as composite sequences with global correlations by 
Lehmann et al. (2000).  Note the number of high-frequency sequences and composite sequences with the new 





Figure 1-8.  Aerial photograph of Potrero Garcia anticline. 
Photograph of the southern limb of the Potrero Garcia anticline. Beds are tilted vertically with the stratigraphic 
younging direction to the right.  The green line marks the position of the La Peña Shale and the red line represents 
the 2nd-order sequence boundary (SB).  Photo taken by Goldhammer (2002). 
 
Cupido carbonates. Ortega (2002) briefly documented facies variations and 
dolomitization patterns within shallowing-upwards cycles. 
REGIONAL GEOLOGIC SETTING 
Present setting 
 
The Cupido platform is well-exposed between Monterrey and Saltillo, as 
well as other areas further north and west (Figure 1-9). The study area is located 
within the uplifted Sierra Madre Oriental fold belt of Mexico as well as north of the 
fold belt in the form of isolated doubly plunging anticlines (Goldhammer, 1999). 
From north to south, the anticlines north of the fold belt are Potrero Minas Viejas 
(PMV), Potrero Chico (PC), and Potrero Garcia (PG; Figure 1-8). Each anticline 
is breached by a single canyon, which provides the best location for measured 
stratigraphic sections. Within the Sierra Madre Oriental fold belt (Figure 8), 
stratigraphic sections were measured at Huasteca Canyon (HC; Figure 1-10A), 
Cortinas Canyon (CC), and Chorros Canyon (ChC; Figure 1-10B). All sections 
were measured in isolated locations, where near-vertically dipping beds provide 
minimal access to describe of lateral continuity of bedding features or the original 
stratal architecture. Each section was measured through the cyclic platform 




Figure 1-9.  Geographic map and Landsat image. 
Image illustrating the position of measured sections (yellow circles) relative to the 
Sierra Madre Oriental (SMO) and the Coahuila block. Monterrey (M) and Saltillo 
(S) Mexico are shown for orientation.  The Coahuila Marginal Fold Province 
(CMFP) lies northward of the curvilinear thrust front (purple line) of the Sierra 
Madre Oriental.  Anticlines and section names from north to south are Potrero 
Minas Viejas (PMV), Potrero Chico (PC), Potrero Garcia (PG1 and 2), Huasteca 
Canyon (HC), Escalera Canyon (EC), Cortinas Canyon (CC), and Chorros 
Canyon (ChC).  The progradation of the Mesozoic passive margin is toward the 
east, southeast and south away from the Coahuila block.  The platform margin 
trend (green line) is modified from Wilson (1999) and Foster (2003). 
 
Figure 1-10.  Outcrops of the Cupido Formation. 
(A) Photo panorama of Huasteca Canyon (HC), SMO near Monterrey. The 2nd-
order sequence boundary (SB) is marked in red and separates LCu, regressive, 
and the Cupidito member, transgressive, parts. Bedding planes are vertical. 
(B) Aerial photograph of Chorros Canyon (ChC), SMO near Saltillo, with 
locations of measured stratigraphic sections (dashed purple lines).  The Cupido 
Formation is a combination of LCu, regressive, and the Cupidito member, 
transgressive.  The Cupidito member transgressive portion is difficult to measure 
within the anticline and it therefore was measured along the road cut.  The solid 
red line represents the approximate location of the 2nd-order sequence boundary 
(SB). Photo taken by Goldhammer (2002). 
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Due to the intense post-depositional deformation in the area related to the 
Maastrichtian to Eocene Laramide Orogeny, tectonic reconstructions of the 
anticlines were estimated to determine pre-deformational distances between  
measured sections at the time of deposition. The estimated distance between 
Potrero Minas Viejas and Potrero Chico is ~12 km, between Potrero Chico and 
Potrero Garcia is ~16 km, and between measured sections Garcia 1 and 2 is ~8 
km.  
Lower Cretaceous paleogeography 
 
The Cupido Formation of the western Gulf of Mexico (GoM) ranges from 
Middle Barremian to Aptian (126-117 Ma) (Lehmann et al., 2000) in age and is 
considered equivalent to the Sligo Formation of the northern GoM (Figure 1-3). 
The Cupido platform, composed of three different formations including the 
Cupido Formation, has a total thickness of approximately 660-785 m (Wilson and 
Pialli, 1977; Wilson, 1981; Wilson and Selvius, 1984; Wilson and Ward, 1993; 
Lehmann et al., 2000). Two thirds of the Cupido platform consists of a 
regressive, progradational shelf composed of slope, shelf margin, and platform 
interior facies. The upper third consists of deepening upward transgressive, 
aggradational-retrogradational platform interior facies, termed the “Cupidito” 
member by Wilson and Pialli (1977). In the Aptian (115-117 Ma), the Cupido 
platform was drowned by the La Peña Shale, which is composed of alternating 
pelagic carbonates and shale (Tinker, 1985). Once carbonate production began 
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again, the Aurora Formation was deposited as part of the succeeding platform 
(Figures 1-3, 1-9 and 1-11). 
The Cupido platform is currently accepted as being a moderately steep 
rimmed shelf with a barrier reef system at the shelf crest (Conklin and Moore, 
1977; Wilson and Pialli, 1977; Wilson, 1981; Wilson and Selvius, 1984; Wilson 
and Ward, 1993; Goldhammer, 1999), which is equivalent to the shelf edge 
(Figure 1-11). The Cupido shelf margin (Figure 1-12) is thought to have trended 
from Monterrey to the north, where it connects with the reef trend of the Sligo 
Formation (Figure 1-2), and from Saltillo it assumes a more westerly trend, 
wrapping around the Coahuila block (Wilson and Pialli, 1977; Wilson, 1981; 
1999; Wilson and Selvius, 1984; Wilson and Ward, 1993; Goldhammer et al., 
1991a). The Coahuila block is believed to have been the only local subaerial land 
mass at the time of Cupido deposition, and it had a significant effect on the 
shape of the platform in northeastern Mexico (Figure 1-2). The reef trend cannot 
be continually traced at the surface and has been described based on isolated 
exposures and the concept that it would have surrounded any nearby land mass 
(Wilson and Pialli, 1977; Wilson, 1999), such as the Coahuila block. 
The Coahuila block was surrounded by large basins to the northeast, to 
the east toward the current position of Monterrey, and to the south (Figure 1-2). 
These topographic lows provided directions for the progradation of carbonate 
sediment during the development of the Cupido platform. The basins provide the  
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Figure 1-11.  Regional cross section. 
Restored schematic, dip-oriented regional cross section of the Mesozoic western Gulf of Mexico.  North-northwest 
to south-southeast (left to right) trending in Mexico, reconstructed from south Texas subsurface analogues.  
Horizontal scale is approximate and vertical exaggeration is ~25 times. Formation lithologies are described in text 




Figure 1-12.  Map of reef trend. 
Map of northeastern Mexico and south Texas illustrating the currently accepted 
reef trend, solid red line, relative to the Coahuila block as suggested by Wilson 
(1999) and modified by Foster (2003).  The leading edge of the Sierra Madre 
Oriental fold belt is also drawn as a blue line; refer to the Landsat image in Figure 
8.  Yellow circles indicate the positions of measured sections in this study.  
Anticlines and section names from north to south are Potrero Minas Viejas 
(PMV), Potrero Chico (PC), Potrero Garcia (PG), Huasteca Canyon (HC), 
Escalera Canyon (EC), Cortinas Canyon (CC), Chorros Canyon (CC), and 
Iturbide Canyon (IT).  Monterrey (M), Saltillo (S), and Laredo (LA) are marked for 
reference. 
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relative position of each measured section on the platform during deposition. 
Accordingly, strike direction along the platform follows the outline of the Coahuila 
block and dip direction, perpendicular to the shore line, extends radially away 
from the Coahuila block to the northeast, east, and south.  
Tectonic history 
 
The western Gulf of Mexico has a complex structural and stratigraphic 
history (Figures 1-13 to 1-20). Several regionally significant events that affected 
the northeastern portion of present day Mexico are pertinent to this discussion: 
formation of the Coahuila block; formation of the Sabinas basin and Monterrey 
trough; deposition of the Minas Viejas Evaporite; passive margin deposition in 
the Gulf of Mexico; and deformation associated with the Laramide Orogeny 
(Figures 1-2 and 1-13). The following discussion outlines the complex interplay 
between tectonism and regional sedimentation. 
Coahuila block 
 
Paleozoic plate reconstruction of Scotese (Scotese, 1997) for the Pangea 
supercontinent places South America, North America, and Yucatan together 
following a continent-continent collision (Figure 1-14). The convergent margin 




Figure 1-13.  Regional tectonic map. 
Map for the northwestern portion of the Gulf of Mexico as it appears today.  
Outlined are the general features that played some role in the development of the 
Cupido Platform including deformation during the Laramide Orogeny, which 
formed the Sierra Madre Oriental (SMO).  Monterrey (M) and Saltillo (S) Mexico 
as well as Laredo (LA), and Texas are shown for reference.  Modified from 
Goldhammer (1999). 
 
Figure 1-14.  Paleogeographic reconstruction. 




Figure 1-15.  Paleogeographic reconstruction. 




Figure 1-16.  Paleogeographic reconstruction. 





Figure 1-17.  Paleogeographic reconstruction.  




Figure 1-18.  Paleogeographic reconstruction. 
Reconstruction of the Late Cretaceous, red box encloses study area.  Modified 
from Scotese (1997). 
 36
 
Figure 1-19.  Paleogeographic reconstruction. 
Reconstruction of the Cretaceous/Tertiary Boundary, red box encloses study 
area.  Modified from Scotese (1997). 
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Figure 1-20.  Paleogeographic reconstruction. 
Reconstruction of the Middle Eocene, red box encloses study area.  Modified 
from Scotese (1997). 
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Coahuila block, a volcanic arc terrane formed by the subduction of the North 
American Plate beneath the South American Plate during the Ouachita Orogeny 
in Late Pennsylvanian to Late Permian times (Pindell, 1985; Wilson, 1990; Figure 
1-14). The Late Permian accretion of the Coahuila arc terrane onto the North 
American Plate also entrained the attached continental rise and slope sediments 
of the South American Plate and was accompanied by accretion of Middle 
Paleozoic crystalline basement of the Maya block (Handschy et al., 1987), one of 
several blocks that later combined to form a part of Central America. The uplifted 
Coahuila block acted as a local basement high, clastic sediment source, and also 
controlled the distribution of carbonate deposits throughout Mesozoic and 
Cenozoic sedimentation in the Gulf of Mexico (Figures 1-21 and 1-22). 
Sabinas basin and Monterrey trough 
 
Break-up of the Pangea supercontinent initiated during the Triassic 
(Figure 1-15) with rifting of South America away from the accreted terranes (Ball 
and Harrison, 1969; Anderson and Schmidt, 1983; Ross and Scotese, 1988; 
Pindell, 1985; Bartok, 1993; Goldhammer, 1999). The Sabinas basin and 
Monterrey trough (Figures 1-13 and 1-21), which surround the Coahuila block to 
the north and east respectively, were developed as a result of subsidence 
associated with half-graben formation during Triassic rifting and crustal 




Figure 1-21.  Late Triassic and Middle Jurassic paleogeography. 
Paleogeography of the western Gulf of Mexico during the Late Triassic and 
Middle Jurassic.  Black dashed line outlines the Texas and Mexico border; 
Monterrey (M) and Saltillo (S), Mexico are shown for reference. Note that this key 
is different from the following paleogeographic maps in that it relates to 
elevations instead of lithologies.  Modified from Goldhammer (1999). 
 
Figure 1-22.  Paleotectonic map. 
Map of northeastern Mexico, Texas, and New Mexico showing the accreted 
terranes and compressional deformation associated with the Ouachita Orogeny 
from the Late Pennsylvanian to Late Permian.  Late Triassic granite and 
granodiorite intrusions are also shown.  Mexico cities are abbreviated; Nuevo 
Laredo (NL), Monterrey (M), Saltillo (S), Ciudad Victoria (CV), Tampico (TA), and 
Mexican state outlines are dashed.  Cupido/Sligo outline is the currently 
accepted reef trend.  Figure is modified from Goldhammer (1999). 
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basins consisted of 300-1000 m-thick subaerial red beds of the Huizachal 
Formation (Mixon et al., 1959; Salvador, 1987; Goldhammer, 1999). Deposition 
of clastic sediments ended in the Middle Jurassic with the first exposure of the 
ancestral Gulf of Mexico to an open ocean. However, the Sabinas basin and 
Monterrey trough continued to act as sites for normal-marine sedimentation 
throughout the Cretaceous.  
Minas Viejas evaporite 
 
Late Bathonian to Callovian marine fossils and sediments across western 
and eastern Mexico suggests that a connection existed between the Pacific 
Ocean and the proto-Gulf of Mexico in the Early Jurassic (Figures 1-16, 1-23, 1-
24, and 1-25). Ephemeral seaways linking the two marine basins most likely 
developed along the lowest elevations, or the most attenuated crust, and might 
have only occurred during hurricanes or unusually high tides (Salvador, 1987). 
Periodic marine incursions into some of the basins resulted in the 
deposition of extensive gypsum and halite deposits estimated to be 3-4 km thick 
(Ross and Scotese, 1988). These evaporites are referred to as the Louann Salt 
in the United States and the Minas Viejas Evaporite in Mexico (Figures 1-3 and 
1-25); other names have been assigned to equivalent deposits along the 




Figure 1-23.  Isopach maps of evaporite distribution. 
Evaporite distribution in the ancestral Gulf of Mexico during A) Callovian 
deposition and B) Oxfordian rifting stages.  Estimate of original thickness is 
speculative in most part and is derived from multiple sources (mainly well 
information and or from reflection seismic profiles).  Thickness is measured in 
meters.  Modified from Salvador (1987). 
 
Figure 1-24.  Low-order Cyclicity. 
First order sequences (>100 m.y. duration) related to the formation and division 
of supercontinents and Wilson cycles, modified from Goldhammer (2003).  Also 
shown are variations of eustatic sea level and global tectonic subsidence relative 
to plate motions. Shaded box encloses study interval. 
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Figure 1-25.  Callovian to Early Oxfordian paleogeography. 
Paleogeographic map of the Callovian to Early Oxfordian, western Gulf of Mexico 
and northern Mexico.  The Texas and Mexico border is outlined; Monterrey (M) 
and Saltillo (S), Mexico, are shown for reference. See text for details.  This key 
matches all paleogeographic reconstructions shown in Figures 26-31.  Modified 
from Goldhammer (1999). 
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equivalent to the Louann Salt (Salvador, 1987; Goldhammer, 1999). The 
evaporite deposits show considerable variability in thickness, which may be due 
to onlapping of the evaporites against the submerged antecedent topography of 
the rapidly subsiding rift graben or deposition within multiple shallow lakes 
exhibiting different subsidence rates (Salvador, 1987). The thick evaporite 
sequences subsequently influenced Laramide deformation by acting as 
decollement during compression. 
Passive margin development 
 
A number of regionally significant events occurred during Oxfordian times. 
The connection between the Pacific Ocean and the proto-Gulf of Mexico closed 
due to uplift of the Sinaloa arc terrane along the paleo-Pacific coast (Tardy, 1977; 
Goldhammer, 1999). Movement and active seafloor spreading in the Gulf of 
Mexico began dividing the Callovian evaporite sequence (Figures 1-23, 1-24, and 
1-25). Active spreading also provided a second and permanent connection to an 
unrestricted marine basin, the Atlantic Ocean (Figure 1-17). This new connection 
allowed open circulation, dilution to normal sea-water salinity, and a transition to 
deep water depositional environments in the Gulf of Mexico (Salvador, 1987; 
Ross and Scotese, 1988). The termination of active seafloor spreading in the 
Gulf of Mexico during the Berriasian and the continued cooling of the passive 
margin were associated with a gradual decrease in the rate of tectonic 
subsidence (Goldhammer et al., 1991a). Passive margin deposition within the 
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Deformation associated with the Maastrichtian to Eocene Laramide 
Orogeny formed the fold-and-thrust belt exposed within the Sierra Madre Oriental 
and Coahuila Marginal Fold Province (Wall et al., 1961) of northeastern Mexico 
(Figures 1-8 and 1-13). These belts are divided by the curvilinear shape of the 
Sierra Madre Oriental front, which is defined by lateral continuity of folded and 
uplifted carbonates (Figure 1-8). The structural fabric of the Sierra Madre Oriental 
fold-and-thrust belt within the study area is characterized by east-west-trending, 
doubly plunging, arcuate, and tight to isoclinal folds. The Coahuila Province 
contains northwest-southeast-trending, doubly plunging, tight folds exhibiting 
narrow anticlines and broad synclines.  
Stratigraphic history 
 
Deposition of the Late Jurassic to Late Cretaceous sedimentary sequence 
of the Gulf of Mexico occurred along a passive margin. The Laramide Orogeny 
created a foreland basin along the western Gulf of Mexico during the Paleogene, 
which complicates the sequence stratigraphy of the area (Goldhammer, 1999). 
Following the rifting of Pangea, but prior to the Laramide Orogeny, four 2nd-order 
(10-100 m.y.) sequences (Figures 1-3 and 1-11) were deposited along the 
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passive margin of the Gulf of Mexico from Callovian to Santonian times. Second-
order sequence boundaries (Figure 1-3) divide the Callovian to Oxfordian Minas 
Viejas/Zuloaga, the Kimmeridgian to Portlandian Olvido/Lower La Casita, the 
Neocomian to Lower Aptian Upper La Casita/Cupido, the Upper Aptian to Albian 
Cupidito/Aurora, and Cenomanian to Santonian Upper Aurora/Indidura 
Formations (Goldhammer et al., 1991a; Goldhammer, 1999). These sequences 
represent the second order cyclic rise and fall of sea level in an overall first-order 
transgression, which is interpreted as the result of the break up of the Pangea 
supercontinent (Goldhammer, 1999; Figure 1-24). Although recognized as 
uncertain and subject to change, the time scale of Gradstein et al. (1995) is used 
for the following chronostratigraphic discussion. Interpretation of the stratigraphic 
positions of the 2nd-order sequences in northeast Mexico has been complicated 
by structural deformation during the Laramide Orogeny. However, seismic data 
from areas that contain equivalent rocks but were not affected by Laramide 
deformation (e.g. Texas and Louisiana) have enabled the reconstruction of the 
equivalent stratigraphy in northeastern Mexico (Goldhammer, 1999; Figure 1-11). 
The 1000 m-thick evaporites of the Minas Viejas Formation, which 
unconformably overlies the Early Triassic Huizachal red beds (Mixon et al., 1959; 
Todd and Mitchum, 1977), record the initial flooding of the Gulf of Mexico by the  
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Figure 1-26.  Middle Oxfordian to Kimmeridgian paleogeography. 
Paleogeographic map of the Middle Oxfordian to Kimmeridgian.  Refer to text for 
details, key is the same as Figure 1-25.  Modified after Goldhammer (1999).  The 
box encloses the study area. 
 
Pacific Ocean (Goldhammer, 1999) and were deposited in a restricted 
environment in initial transgression during the Callovian (Figures 1-3 and 1-25). A 
transgressive system tract (TST) recorded the initial rise of sea level as contact 
was made between the GoM and the Atlantic Ocean during the Oxfordian. Near-
shore clastics, marine carbonates, and deeper marine shales were deposited 
along ramp margins nucleated around pre-existing land masses (Goldhammer, 
1999). The Early Oxfordian La Gloria Formation, equivalent to the Norphlet 
Formation of the northern Gulf of Mexico (Figures 1-3 and 1-26), was the first to 
cover the unconformity above the Minas Viejas Formation and the newly formed 
oceanic crust, straddling the spreading center in the Gulf of Mexico. Sediments 
derived from the Coahuila block and Tamaulipas arch contain fine to coarse, 
feldspathic quartz sandstones 100 m thick (Oivanki, 1974). The depositional 
environments are interpreted as marginal marine to near-shore shallow-marine 
grading into ramp interior carbonates.  
The Zuloaga Formation is found down dip of the La Gloria Formation and 
unconformably overlies the Huizachal red beds and Minas Viejas evaporites 
(Goldhammer, 1999; Oivanki, 1974). The Zuloaga Formation is Oxfordian in age, 
equivalent to the Smackover Formation in the northern Gulf of Mexico (Figures 1-
3 and 1-26), and ranges from 150-500 m thick. 
The Olvido Formation was deposited during the transition from highstand 
to transgression in the Kimmeridgian (Todd and Mitchum, 1977; Salvador, 1987). 
The Olvido Formation is divided into two sections: the Olvido evaporite and the 
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Olvido carbonate lime mudstone (Goldhammer et al., 1991a). The Olvido 
evaporite lies directly above the Zuloaga Formation and conformably below the 
Olvido carbonate. It correlates with the Buckner Anhydrite (Figure 1-3) and 
ranges in thickness from 20 to 200 m.  
The La Caja Formation is the basinal stratigraphic equivalent of the Olvido 
lime mudstone in the Kimmeridgian (Figure 1-26), the deeper basinal equivalent 
of the Lower La Casita Formation from the Tithonian to Portlandian, and 
correlates with the Bossier Shale of the northern Gulf of Mexico (Figure 1-3).  
The La Casita Formation lies conformably above the Olvido Formation 
and contains the 138.5 Ma 2nd-order sequence boundary (Figure 1-3). It can be 
stratigraphically divided into a lower (highstand) and an upper (transgressive) 
section. The Lower La Casita Formation is Tithonian to Berriasian in age and 
correlates with the Cotton Valley Group of the northern Gulf of Mexico (Figures 1-
3 and 1-27). The Upper La Casita Formation is Hauterivian in age and equivalent 
to the Hosston Formation (Todd and Mitchum, 1977; Salvador, 1987). The total 
thickness of the La Casita Formation is between 650-800 m.  
The basinal, and likewise transgressional, equivalent to the Upper La 
Casita Formation is the Middle Berriasian to Hauterivian Taraises Formation 
(Figures 1-3 and 1-27; Fortunato, 1982; Fortunato and Ward, 1982). It 
conformably overlies the La Caja Formation and has a thickness ranging from 
135 to 500 m (Blauser, 1981). The deeper-water facies of the Taraises Formation  
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Figure 1-27.  Tithonian to Portlandian paleogeography. 
Paleogeographic map of the Tithonian to Portlandian.  Refer to text for details, 
key is the same as Figure 1-25.  Modified from Goldhammer (1999).  The box 
encloses the study area. 
 
are composed of black, cherty, pelagic lime mudstones and intercalated shales 
(Blauser, 1981). 
The La Virgen Formation represents the beginning of a regression (Figure 
1-3), which developed a formation similar to the carbonate-dominated Zuloaga 
Formation. The La Virgen Formation conformably overlies the La Casita 
Formation and changes down dip to the Cupido and the Lower Tamaulipas 
formations (Figure 1-28). The Cupido and La Virgen formations, with a combined 
thickness of 700-1200 m, make up the low relief, reef-rimmed carbonate platform 
of the Barremian through the middle Aptian. This platform followed the contours 
of the Coahuila block. The platform interior contains shallow marine high-energy 
grainstone shoals, open shelf skeletal lime sands, muddy lagoonal carbonates, 
and restricted tidal flat facies. It also notably lacks a near-shore clastic facies.  
The Cupido Formation lies conformably above both the La Casita and 
Taraises formations (Figures 1-3 and 1-28) and is situated stratigraphically up dip 
from the Lower Tamaulipas Formation and down dip from the La Virgen 
Formation (Goldhammer, 1999). It is divided into lower and upper units. The 
lower unit is composed dominantly of regressive, progradational lithofacies (more 
details summarized in the earlier previous work section). The upper unit is 
interpreted as the transgressive portion above the 2nd-order sequence boundary 
and has been named the “Cupidito” member (Wilson and Pialli, 1977; Wilson, 
1981, Goldhammer, 1999). The transgression that developed the Cupidito 




Figure 1-28.  Barremian to Lower Aptian paleogeography. 
Paleogeographic map of the Barremian to Lower Aptian.  Refer to text for details, 
key is the same as Figure 1-25.  Modified from Goldhammer (1999).  The box 
encloses the study area. 
Mexico and the growth of subsequent reef build-ups prior to inundation (Bebout 
and Loucks, 1977; McFarlan and Menes, 1991). The La Peña Formation records 
this flooding event in the late Aptian (Figure 1-29) and is equivalent to the 
Pearsall Group of the northern Gulf of Mexico (Tinker, 1985). 
The Lower Tamaulipas Formation, the basinal equivalent of the Cupido 
Formation, conformably sits above the Taraises Formation and is 600 m thick. 
The LowerTamaulipas Formation contains gray to black, thin- to medium- 
bedded, cherty basinal lime mudstones and shales (Goldhammer, 1999). Wilson 
(1969) interpreted the depositional environment of the Lower Tamaulipas 
Formation as a dysaerobic, quiet basinal setting at depths of 50-150 m. The 
Lower Tamaulipas, Cupido, and La Virgen formations combined form a single 
regressive stratigraphic unit equivalent to the Sligo Formation of Texas (Figures 
1-2 and 1-28).  
The Aurora Formation, which rests conformably above the La Peña 
Formation, is Albian in age, equivalent to the Glen Rose and Fredericksburg 
formations of Texas (Goldhammer, 1999), and ranges from 500 to 700 m thick. 
The Aurora Formation is regressive and forms the highstand system tract below 
the 102 Ma 2nd-order sequence boundary (Figures 1-3 and 1-30). It forms the 
second stage of Cretaceous carbonate platform growth in northeastern Mexico 
(Wilson, 1975; Smith, 1981). Similar to the Cupido Formation, the Aurora 
developed a low-angle ramp that surrounded part of the Coahuila block (Smith, 




Figure 1-29.  Middle to Upper Aptian paleogeography. 
Paleogeographic map of the Middle to Upper Aptian.  Refer to text for details, key 
is the same as Figure 1-25.  Modified from Goldhammer (1999).  The box 
encloses the study area. 
sediments with a rudist bioherm rimmed shelf. 
The Albian Upper Tamaulipas Formation conformably overlies the La 
Peña Formation. It is the basinal stratigraphic equivalent of the Aurora Formation 
(Figure 1-3 and 1-30) and is equivalent to the Atascosa Formation of southern 
Texas (Figure 1-3; Smith, 1981). The Upper Tamaulipas Formation thickens 
basinward to between 100 and 200 m. Its lithology consists of thin- and thick-
bedded, cherty, dark pelagic mudstone to wackestone (Ross, 1981) and is 
interpreted as deep water anaerobic to dysaerobic off-ramp deposits 
(Goldhammer, 1999).  
Above the 102 Ma sequence boundary (Figure 1-3), the Aurora Formation 
back-stepped due to a large transgressive flooding event, which connected the 
Gulf of Mexico to the Western Interior Seaway during the Cenomanian and 
resulted in carbonate build-ups or pinnacle reefs within the Aurora Formation 
(Goldhammer, 1999). Subsequently, the Aurora Formation was overstepped by 
the latest Albian to Cenomanian Cuesta del Cura Formation (Smith, 1981). The 
Cuesta del Cura Formation may disconformably overly the Aurora and Upper 
Tamaulipas formations, but it is equivalent to the Georgetown-Del Rio-Buda 
formations of Texas (Figure 1-3). It consists of 60 m of dark, thin- to medium-
bedded, laminated lime wackestone to packstones and thin shales (Ice, 1981). 
The Cuesta del Cura Formation is interpreted as deep-water pelagic carbonates 
and shales (Goldhammer, 1999). It marks the onset of pelagic deposition for the 




Figure 1-30.  Albian paleogeography. 
Paleogeographic map of the Albian.  Refer to text for details, key is the same as 
Figure 1-25.  Modified after Goldhammer (1999).  The box encloses the study 
area. 
the Indidura Formation. The Laramide Orogeny complicates the subsequent 
stratigraphic history of the western Gulf of Mexico at this time (Figure 1-31). 
METHODOLOGY 
 
Fifteen stratigraphic sections through the Cupido Formation were 
measured and described in detail (Figure 1-9; Appendix A). The sections were 
measured at Chorros Canyon (ChC; 6 sections), Cortinas Canyon (CC; 1 
section), Escalera Canyon (EC; I section), Potrero Garcia (PG; 2 sections), 
Potrero Chico (PC; 1 section), Potrero Minas Viejas (PMV; 1 section), Huasteca 
Canyon (HC; 2 sections) and Iturbide Canyon (IC; 1 section). The locations of the 
measured sections were chosen because of accessibility to the outcrop and 
exposure of large section of the Cupido Formation. The six sections measured at 
Chorros Canyon were used for detailed study of lateral and vertical dolomite 
distribution. All of the field work was carried out during five field seasons 
(December 2002; April 2003; summer 2003; January 2004; December 2004) 
totaling 19 weeks. Figure 1-9 shows location of the measured sections relative to 
Cupido platform margin.  
Each section was logged bed-by-bed at cm-scale, documenting thickness, 
color, grain size, lithofacies, depositional texture, biota, sedimentary structures 
and any evidence for subaerial exposure. Where possible, beds were traced 




Figure 1-31.  Maastrichtian paleogeography. 
Paleogeographic map of the Maastrichtian.  Refer to text for details, key is the 
same as Figure 1-25.  Modified after Goldhammer (1999).  The box encloses the 
study area. 
were collected at each measured section and were slabbed and polished to 
document depositional features and stratigraphic relationships. Samples were 
collected at less than 15 m interval depending on facies variability. A total of 482 
rock samples were collected from the Cupido Formation, 257 slabbed samples, 
and 314 thin sections (250 large) were prepared for petrographic analysis. 
Appendix B contains a list of the samples and thin sections prepared for analysis, 
digital photos and photomicrographs at a variety of scale of the described 
lithofacies. Thin sections were stained with Alizarin Red (Dickson, 1965) for 
petrographic description and to aid in grain identification. Facies were defined on 
the basis of depositional textures, sedimentary structures and fossil content 
following Dunham’s (1962) classification scheme. 
In depth methodology descriptions of the techniques, classification 
schemes and any statistical analysis used in this study are discussed with the 
individual chapters (2-4). 
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Chapter 2.  High-resolution sequence stratigraphy, evolution and 
morphology of the Cupido platform, NE Mexico 
ABSTRACT 
 
The Lower Cretaceous (Barremian to Aptian) Cupido platform of 
northeastern Mexico forms part of an extensive carbonate platform system that 
surrounded the ancestral Gulf of Mexico.  Detailed stratigraphic sections 
combined with comparative sedimentology analysis provide evidence for a 
revised depositional model for the Cupido platform.  A stable grainstone shoal 
developed behind a discontinuous rudist coralline algal bank on the margin 
facing the ancestral Gulf of Mexico to the east.  A thick succession of cyclic 
peritidal and subtidal deposits accumulated on a broad shelf lagoon (~ 100 km) 
on the lee side of this margin.   
The Cupido Formation exhibits meter-scale high-frequency cyclicity which 
stacks into lower-order depositional and composite sequences that correlate 
across the platform.  High-frequency cycles stack into depositional sequences 
(43-86 m thick) which in turn stack into lower-order composite sequences (145-
168 m thick).  A total of 12 depositional sequences (A-L) are interpreted within 
the Cupido Formation.  Depositional sequences (A-F) compose the LCu and 
stack into partial composite sequence I (highstand part only) and composite 
sequences II.  Overlying this, depositional sequences (G-L) comprise the 
transgressive Cupidito member which stack into composite sequences III and 
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partial composite sequence IV (transgressive part only).  The 2nd-order sequence 
boundary is represented by a laterally extensive thick collapse-breccia caused by 
the dissolution of the underlying bedded evaporites, breakage, and mixing of 
overlying layered lithofacies. 
Two-dimensional correlation of the measured stratigraphic sections 
revealed two additional depositional sequences landwards of the Cupido platform 
margin deposited simultaneously with the La Peña Shale deposition as it 
drowned the shoal complex in the early stages of the 2nd-order transgression.  
These retrogradational geometries on the Cupido platform are supported by 
landward thickening in the transgressive portion of the equivalent subsurface 
Sligo Formation.  Near the platform margin, the cyclicity is disturbed by the 
presence of large-scale syndepositional growth faults.  Movement along these 
faults resulted in thicker depositional sequences in the outer shelf due to the 
dramatic increase of accommodation space available for sedimentation.  
The complete depositional model and high-resolution sequence 
stratigraphic framework for the Cupido Formation, presented herein, reveal 
subtle complexities of facies models and their controls, which were not in 
previous studies.  Results serve as practical analogues for the subsurface 
equivalent Sligo Formation of Texas and can be applied to similar reservoirs for 





Previous work on the Lower Cretaceous Cupido Formation exposed in the 
Sierra Madre Oriental (SMO) in NE Mexico includes surface mapping, 
biostratigraphic dating and facies description by Imlay (1936 and 1944), 
Humphrey (1949), Charleston (1974), Ekdale et al. (1976), Conklin and Moore 
(1977), Wilson and Pialli (1977), Wilson and Selvius (1984), Goldhammer et al., 
(1991a), Wilson and Ward (1993), Lehmann et al. (1999), and Foster (2003).  In 
northeastern Mexico, the Cupido Formation is divided into two parts, separated 
by a 2nd-order sequence boundary, thin-bedded progradational LCu deposits and 
thicker bedded retrogradational Cupidito member (Wilson and Pialli, 1977; 
Wilson, 1981; Goldhammer, 1999).  Construction of a sequence stratigraphic 
framework for the Cupido was started by Goldhammer et al. (1991a) and has 
since been modified by various studies including Lehmann et al. (1999), Foster 
(2003), and Altobi et al. (2004).  Attempts on mapping the paleographic trend of 
the Cupido margin were carried out by Wilson (1999), Lehmann et al. (2000), and 
Foster (2003).  Most of the studies combined detailed lithologic logs and 
petrographic analysis.  Recent work Lehmann et al. (1998, 1999, and 2000) and 
Foster (2003) focused on the upper part of the Cupido Formation for better 
understanding of the platform geometry, and stratigraphic framework. 
This paper combines thorough sedimentology with high-resolution 
sequence stratigraphic concepts to interpret platform evolution and to build a 
comprehensive high-resolution sequence stratigraphic framework for the entire 
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Cupido Formation.  The paper also presents (1) evidence for the existence of a 
high-energy shoal margin on the eastern side of the Cupido platform, (2) 
evidence for back-stepping geometries caused by rising sea level, at the top of 
the Cupido Formation before the eventual drowning of the platform, (3) a model 
for breccia development and timing within the Cupido Formation, and (4) 
sequence stratigraphic evidence for the existence of syndepositional faulting 
within the Cupido Formation.  A comprehensive sequence stratigraphic analysis 
of facies partitioning and development of models using 2D correlation, fence 
diagrams, and subsurface analogues allow interpretation of a refined sequence 
stratigraphic framework.  This high-resolution framework, in turns, reveals subtle 
complexities of facies models and their controls not evident from previous 
studies.  Results can be applied to similar reservoirs for better understanding of 
facies distribution, and their lateral variations. 
Geologic setting 
Tectonic and paleogeographic setting 
 
The Cupido Formation was deposited in a passive margin setting following 
the opening of the Gulf of Mexico (GoM) (Wilson, 1990; Goldhammer et al., 
1991a).  The break up of Pangea resulted in the development of basement highs 
(e.g., Coahuila block and Tamaulipas arch) and lows (e.g., Sabinas basin and 
Monterrey trough) in NE Mexico (Anderson and Schmidt, 1983; Ross and 
Scotese, 1988; Pindell, 1993; Goldhammer, 1999).  The Coahuila block is 
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composed of a Permo-Triassic basement underlain by granite and granodiorite 
intrusions from an island arc system that developed south of the Ouachita-
Marathon orogenic belt.  The Coahuila block acted as a local basement high, 
clastic sediment source to surrounding basins and subsequently played a major 
role in the distribution of carbonate deposits within northeastern Mexico 
throughout the late Mesozoic and early Cenozoic (Wilson, 1981; Wilson and 
Selvius, 1984).  The Sabinas basin and Monterrey trough, which bound the 
Coahuila block to the north and east respectively, were developed as a result of 
subsidence associated with the formation of half-grabens during Triassic rifting 
and crustal attenuation.  These basins subsequently acted as sites for evaporite 
precipitation followed by normal-marine carbonate sedimentation throughout the 
Cretaceous. 
The Sierra Madre Oriental fold and thrust belt developed during the 
Laramide Orogeny (Late Cretaceous to Eocene), and represents the southern 
continuation of the Rocky Mountains in the U.S. (Marrett and Aranda-Garcia, 
1999).  The Sierra Madre Oriental is characterized by east-west-trending, doubly 
plunging, arcuate, and tight to isoclinal folds (Figure 2-1).  The age of 
contractional deformation in the Sierra Madre Oriental has not been accurately 
determined.  However, Eocene strata are the youngest affected suggesting that  
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Figure 2-1.  Geographic map and Landsat image. 
Image illustrating the position of measured sections (yellow circles) relative to the 
Sierra Madre Oriental (SMO) and the Coahuila block. Monterrey (M) and Saltillo 
(S) Mexico are shown for orientation.  The Coahuila Marginal Fold Province 
(CMFP) lies northward of the curvilinear thrust front (purple line) of the Sierra 
Madre Oriental.  Anticlines and section names from north to south are Potrero 
Minas Viejas (PMV), Potrero Chico (PC), Potrero Garcia (PG1 and 2), Huasteca 
Canyon (HC), Escalera Canyon (EC), Cortinas Canyon (CC), and Chorros 
Canyon (ChC).  The progradation of the Mesozoic passive margin is toward the 
east, southeast and south away from the Coahuila block.  The platform margin 
trend (green line) is modified from Wilson (1999) and Foster (2003). 
deformation ceased sometime during the Eocene (Gray et al., 2001).   
Stratigraphic setting 
 
By the Early Cretaceous rifting had ceased within the Gulf of Mexico and 
was replaced by 0.06 m/kyr regional subsidence rates due to lithospheric cooling 
(Goldhammer et al., 1991a).  The Cupido Formation of northeastern Mexico was 
a part of a 2000 m thick carbonate platform that rimmed the ancestral Gulf of 
Mexico during the Early Cretaceous (Wilson, 1990; Goldhammer et al., 1991a; 
Lehmann et al., 1998; Goldhammer, 1999) (Figure 2-2).  The platform spans 
Barremian through Aptian time and is contemporaneous with the Sligo shelf 
margin in Texas (Wilson 1975; Goldhammer, 1999; Figure 2-2).  The shallow-
marine Cupido shelf developed around the emergent Coahuila block.  Peritidal 
sediments accumulated in a shallow shelf lagoon in the leeward side of the 
Cupido platform margin, while hemipelagic lime mudstones (Lower Tamaulipas 
Formation) were deposited on the surrounding deeper water off the shelf.  The 
Cupido carbonates conformably overlie clastic deposits of the La Casita and the 
La Caja Formations and form a progradational highstand of a 2nd-order sequence 
that spans the Valanginian to Mid Aptian (Goldhammer, 1999; Figure 2-2).  
Subsequent deepening during the early to mid Aptian led to the retrogradation, 
and drowning of the Cupido platform as represented by the Cupidito member.  
Added to this, carbonate deposition shifted landward and a shallow-marine 
carbonate platform (Coahuila platform) grew over the formerly exposed Coahuila  
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Figure 2-2.  Paleogeography and chronostratigraphic chart. 
(A)  Paleogeography of the Barremian to Lower Aptian in the western Gulf of Mexico, modified from Goldhammer 
(1999).  The Cupido and Sligo platforms are shown in blue.  Outline of Mexico and U.S. border is shown in black.  
The red line represents the approximate position and trend of the seismic lines.  
(B) Chronostratigraphic chart for northeast Mexico and Texas Gulf Coast (modified from Goldhammer, 1999).  The 
composite eustatic curve is from Haq et al. 1987.  Time scale from Hardenbol et. al. (1998) and Gradstein et. al. 
(1995). Second-order sequence boundary ages are approximations in Ma.  Abbreviations are: LST-lowstand 
system tracts, TST-transgressive system tracts, HST-highstand system tracts, LSW-lowstand wedge, SMW-shelf 
margin wedge, MFS-maximum flooding surface.  Lithologies are discussed in text, border highlights interval of 
interest.  Pinnacle reefs and buildups are shown as small domes.  FW1 and FW2 refer to parts of the La Casita 




block.  The deposition of argillaceous carbonates and shales of the La Peña 
Formation marked the subsequent peak flooding and eventual drowning of the 
Cupido platform during the mid to late Aptian (Figure 2-2; Tinker, 1985).  The 
Cupido carbonate platform developed during peak Cretaceous greenhouse 
climatic conditions (Read, 1995).  Regionally, evaporites and sabkha carbonates 
of the Cupido platform indicates arid to semiarid conditions in northeastern 
Mexico from Barremian to Aptian time (Lehmann et al., 1998; 1999).   
Methodology 
 
The Cupido Formation is spectacularly exposed within the folds of the 
Sierra Madre Oriental and breached anticlines (potreros) north of it (Figure 2-3).  
Fifteen stratigraphic sections totaling 6000 m were measured from eight localities 
across the platform (Figure 2-1).  The Cupido Formation is exposed and 
accessible in most localities.  Each section was logged on a centimeter-scale 
documenting thickness, color, grain size, lithofacies, depositional texture, biota, 
sedimentary structures and any evidence for subaerial exposure.  Where 
possible, beds were traced to determine lateral continuity and facies variability.  
Samples were collected at each measured section and were slabbed and 
polished to document depositional and diagenetic features.  Thin sections were 
prepared and stained with Alizarin Red (Dickson, 1965) for petrographic 




Figure 2-3.  Cupido outcrop photos. 
Photo panoramas of the measured stratigraphic sections in A) Potrero Garcia, 
and B) Potrero Chico.  The Cupido Formation is a combination of the lower 2nd-
order late highstand regressive part (LCu), and the upper 2nd-order early 
transgressive Cupidito member.  The La Peña shale and Aurora Formation are 
not present in the measured sections.  Bedding planes are near vertical.  The 
solid red line represents the location of the 2nd-order sequence boundary (SB). 
collected from the Cupido Formation, 257 slabbed samples, and 314 thin 
sections (250 large) were prepared for petrographic analysis.  Facies were 
defined on the basis of depositional textures, sedimentary structures and fossil 
content following Dunham’s (1962) classification scheme.  The relative 
abundance of facies at each location was used to determine facies distribution, 
depositional processes and depositional environments. 
Ginsburg’s (1974) comparative sedimentology technique which utilizes the 
connection between recent sediments and ancient sedimentary rocks to 
understand and diagnose depositional environments is the focal approach taken 
in this study.  Additionally, the building block approach of Demicco and Hardie 
(1994) was used to build a depositional model for the Cupido Formation.  This 
model links identified facies and their interpreted depositional environment 
through by matching sedimentary and diagenetic features to certain processes 
that occur within specific environments.  Environments matching facies 
descriptions can be picked out of the various modern carbonate environments 
through the comparison of common features and then combined to create a 
unique model for each ancient platform (Demicco and Hardie, 1994). 
A depositional model for the Cupido platform is interpreted using overall 
facies transitions and distribution, and dominant depositional processes 
(Appendix C).  The relative position of each section was interpreted along the 
platform profile using overall facies proportions and their dominant depositional 
environments.  Seismic lines of the Sligo Platform of south Texas are used to 
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infer Cupido platform profile and stratal geometry due to lack of continuous 
outcrops as a result Laramide deformation. 
A complete idealized shallowing-upward vertical succession of facies, 
grouped into 5 major facies-belts (Table 2-1), was identified from field and 
laboratory observations.  This succession was used to identify high-frequency 
cycles or shoaling-upward cycles within individual measured sections.  Facies 
and facies-belt proportions within vertically stacked high-frequency cycles vary 
depending on their position within lower-order depositional, composite and 
possibly 2nd-order sequences (Kerans, 1995; Kerans and Tinker, 1997).  These 
high-frequency cycles are the building blocks for the stratigraphic hierarchy 
developed for the Cupido Formation.  Recognizable patterns of deepening and 
shallowing facies proportions, thickening and thinning of cycles, cycle bundling, 
and cycle type distribution defined vertical and stacking of high-frequency cycles 
within the measured sections.  This stacking pattern aided in interpreting 
changes in accommodation as recorded in the development of depositional and 
composite sequences.  Stacking patterns of depositional and composite 
sequences and their system tracts components, in turn defined lower-frequency 
2nd-order sequences.  Correlation between each measured section was 
completed using the highest frequency cyclicity possible.   
Cross-sections through the study area were constructed based on 1D and 
2D correlation of measured stratigraphic sections.  The cross-sections and fence 
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diagrams are hung on the 2nd-order sequence boundary that coincides with the 
top of the lower progradational LCu of the Cupido Formation.   
LITHOFACIES AND DEPOSITIONAL ENVIRONMENTS 
 
The characteristics of the major rock types are summarized in Table 2-1 
and figures 2-4 to 2-9 and 2-10A.  Using subsurface data of the equivalent Sligo, 
the morphology of the Cupido platform is interpreted as an aggradational-
progradational rimmed shelf with a highly aggradational interior and a 15-30 
degrees slope (Figure 2-10B; Goldhammer et al., 1991a; Goldhammer, 1999).  
Progradation has previously been interpreted to have occurred as thick turbidites 
are overlain by margin and slope deposits, which are in turn overlain by platform 
interior deposits (Wilson and Pialli, 1977; Goldhammer et al., 1991a) .  Within the 
study area, 10 facies are observed and are grouped into five main facies-belts.  
Measured sections composed of deep subtidal, low-energy off-platform facies, 
high-energy shoal margin to rudist-reef margin facies, shallow subtidal restricted 
platform facies, peritidal to shallow subtidal restricted shelf-lagoon facies, and 
restricted evaporite interior facies.  The proportions of facies and facies-belts 
vary within the measured sections depending on their location across the 
platform.   
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Table 2-1  Summary of facies. 
Facies, types, textures, depositional processes and environment and facies-belts 
of the Cupido Formation.  Field photo and photomicrographs of the facies are 
shown in Figures 2-4 to 2-9.  The location of each facies within the idealized 




Deep subtidal, low-energy off-platform facies 
 
The deep subtidal facies consists of dark-gray, homogeneous, planktonic 
foraminiferal mudstone and laminated micropeloidal lime wackestone.  This 
facies is thin to thick bedded (0.2-1.0 m; Figure 2-4) and is mainly present at 
Iturbide section (IC; Figure 2-1).  The mudstone and lime wackestone are 
bioturbated in some parts with occasional dolomitic firmgrounds, hardgrounds 
and chert nodules.  Other components present in this facies are nannoconids 
and ostracods.  Hardgrounds are synsedimentary, which indicate slow 
sedimentation rates or prolonged periods of non deposition (Purser, 1969; 
Bathurst, 1971).  Due to the lack of storm beds, this facies is interpreted to have 
been deposited below storm wave base (Aigner, 1985) in a low-energy off-
platform (basinal) setting. 
High-energy shoal to rudist-reef margin facies 
 
The high-energy platform-margin facies consist of skeletal and non-
skeletal lime grainstones, bioclastic beds and rudist bioherms.  These facies 
include a diverse assemblage of skeletal and no-skeletal gains (Figure 2-5A, B, 
and C; Table 2-1).  The grainstones are interpreted to have been deposited 
under dominantly wave, but also tidal, and storm influenced processes with 
depths above wave base (0.1-2.5 m; Demicco and Hardie, 1994) resulting in  
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Figure 2-4.  Deep subtidal, low-energy, off-platform facies 
Field photograph of thin-thick bedded laminated micropeloidal wackestone-
mudstone. 
 
Figure 2-5.  High-energy shoal to rudist-reef margin facies 
Hand samples and photomicrographs of Cupido facies.  (A) field photograph of 
unoriented caprinid rudists in mud rich matrix (B) field photograph of chondrodont 





cross stratified, well sorted, non-skeletal grainstones on the seaward side of the 
shoal.  Perhaps the best modern analogue of mixed grainstones is the Joulters 
Cay oolite shoal, a high energy, shelf edge carbonate accumulation on the 
Bahamian platform (Ball and Harrison, 1969; Bubb, 1970; Harris et al., 1993).  
The interpreted reef environment (Wilson and Pialli, 1977) was commonly 
developed above fair weather wave base but most of the preserved bedding 
described consisted of broken disoriented debris created by storm wave energy 
(Bebout, 1977).   
Bioturbated, poorly sorted, skeletal packstones are interpreted to have 
been deposited below wave base and on the landward side of the shoal (1.0-4.0 
m water depth).  The rudist bioherms are interpreted as being deposited on the 
shelf edge and form isolated beds of small requienids and chondrodonts 
framestones (Cestari and Sartorio, 1995).   
Shallow subtidal restricted platform facies 
 
The shallow subtidal facies consists of burrowed peloidal-skeletal 
dolomudstones and grainstones facies and Thalassanoides burrowed peloidal-
skeletal lime packstones and wackestones facies.  The major skeletal 
components include Miliolids and Vercorsella foraminifera, gastropods, bivalves, 
dasycladaceans, and composite grains (Table 2-1; Figures 2-6A, B, C, and D).  
The intensity of burrowing ranges from sparsely and evenly distributed to 





Figure 2-6.  Shallow subtidal restricted platform facies 
Field photos, hand samples and photomicrographs of Cupido facies.  (A) hand 
sample of dark matrix with light colored burrow fill and the burrow network.  (B) 
photomicrograph of poorly sorted packstone, skeletal debris with micritic or mud 
rich matrix.  (C) field photograph of Thalassanoides burrow networks from a view 
of the bedding plane.  (D) photomicrograph of dolomitized fine-grained matrix, 
and coarse-grained burrow fill. 
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diagonal burrowing patterns are commonly associated with of annelid worms, 
Thalassanoides burrows, plus potentially a variety of other organisms such as 
mollusks (Demicco and Hardie, 1994; Rhoads, 1967; Shinn, 1968).  Bioturbation 
is the most dominant process in modern subtidal subenvironments, best 
illustrated by the lack of internal stratification.  This is common in all modern 
carbonate platforms but has been well studied at Andros Island, Bahamas 
(Hardie, 1977).  The presence of Thalassanoides burrow networks and tidally 
influenced sediments imply that this facies was deposited in a shallow lagoon just 
below or within the intertidal zone (Rhoads, 1967; Shinn, 1968).  This facies is 
interpreted to have been deposited in a shallow lagoon (0.2-4.0 m water depth) 
with dominant restricted conditions with minor open-marine incursions (Demicco 
and Hardie, 1994; Shinn, 1968).   
The peritidal to subtidal restricted facies form the bulk of the Cupido 
Formation.  It is composed of heterolithic thin beds facies, intercalated, calcite 
replaced bedded evaporite facies, and laminated dolomudstone facies (Table 2-
1).  Heterolithic thin beds are on a lamination-scale thickness, 3-10 mm on 
average, and may have minor microbial influence.  They are dominantly a mud 
rich texture of alternating light and dark bands, tan to black (Figure 2-7).  
Heterolithic thin beds lack mud cracks and contain abundant burrows which 
support a intertidal setting (Demicco and Hardie, 1994).  This facies is interpreted 
to have been deposited on land or shoal attached tidal-flats (up to 0.5 m water 




Figure 2-7.  Shallow subtidal restricted platform facies 
Hand sample and photomicrographs of Cupido facies.  (A) hand sample 
illustrating the thin laminations on a mm scale, the tan layers are mudstones and 
the black layers are wackestones.  (B) photomicrograph of alternating micrite 
dominated layers and wackestone layers containing fossil debris and peloids. 
Bedded evaporite consists of thin to medium thick beds, 2 cm to 2 m, of calcite 
(Figure 2-8A).  Some modern bedded evaporites occur in subaqueous settings 
called salinas as tens of meters thick, shoaling upward, aggradational, evaporite 
dominated, subtidal sequences in coastal lakes (Warren and Kendall, 1985).   
Domal laminations (Stromatalites: Figure 2-8B) are micritic laminae often 
alternating with upward fining peloidal wackestone laminae.  These laminae 
generally contain coarser-grained sediments than the planar-laminated 
mudstones (Figure 2-8D) because of the higher percentage of peloid ghosts.  
Laminites can be formed through several mechanisms known from modern 
sedimentology: 1) mechanical sedimentation unrelated to microbes, 2) microbial 
influenced sedimentation, 3) episodic growth  f a microbial mat, and 4) chemical 
precipitation of carbonates (Demicco and Hardie, 1994).   
Evaporitic platform interior facies 
 
The evaporitic platform interior facies is composed of calcite-replaced 
bedded evaporite facies and the polymict solution collapse breccias (Table 2-1).  
Calcite-replaced bedded evaporite facies consists of irregular, anhydrite popcorn-
like nodules generally less than 10cm in diameter (Figure 2-9A) found within a 
micritic dolomite dominated matrix to bedded gypsum crystals.  Collapse 
breccias are thick to medium bedded, <2 m, with sharp bottoms and uneven 
tops.  The upper contact of the breccias is typically irregular with areas of 
evaporite-infilling between clasts and the irregular topography (Figure 2-9B and 
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Figure 2-8.  Shallow subtidal restricted platform facies 
Field photographs and photomicrographs of Cupido facies.  (A) photomicrograph 
of bed planar view of gypsum crystals with various diameters also outlined by 
carbonate impurities.  (B) field photo of planar and domal laminations.  (C) 
photomicrograph of dolomitized, laminated mudstone. 
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Figure 2-9.  Evaporitic platform interior facies 
Field photographs and hand samples of Cupido facies.  (A) initial carbonate 
dominated matrix with isolated evaporite nodules causing disruption (B and C) 
field photographs of breccias highlighting observations that support a gradual 




subsurface removal of bedded evaporites allows the overlying rock to settle and 
fragment (Warren, 1999).  This facies is interpreted to have been deposited in a 
supratidal sabkha setting with brecciation taking place through diagenetic 
dissolution of underlying evaporates at a later stage (Warren, 1999). 
DEPOSITIONAL MODEL 
 
The Cupido platform has been previously interpreted to be a highly 
prograding/aggrading platform with a reefal rudist-coralline margin on the 
eastern-facing side (Wilson, 1975; Conklin and Moore, 1977; Wilson and Pialli, 
1977; Wilson et al., 1984; Goldhammer et al., 1991a) and a high-energy shoal 
dominated margin on the south-facing side (Lehmann et al., 1999).  Based on 
detailed analysis of facies, depositional environment and facies-belts proportions 
with my measured stratigraphic sections, I have reinterpreted this platform to also 
contain a large grainstone shoal complex rimming the east-facing side of the 
Cupido platform (Foster, 2003; Altobi et al., 2004: Figure 2-10).  The shoal 
complex acted as a barrier to wave energy and open marine circulation from the 
platform interior and developed updip of a slightly deeper, relatively continuous 
reefal rudist-coralline bank.  The presence of a similar shoal complex in the 
coeval Sligo shelf is supported by mounded reflectors developed landward of the 
margin seen in seismic lines from south Texas (Goldhammer, 1999; Figure 2-11).  
The seismic lines also suggest that the shoal developed above antecedent 
topography created by local movement of the Middle Jurassic  
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Figure 2-10.  Depositional model. 
(A) Idealized shallowing-upward succession of the Cupido lithofacies. 
(B) Generalized schematic depositional model of the Cupido platform illustrating 
the depositional paleo-environments of the measured sections as they would 
appear projected along a dip oriented profile.  The shelf crest is represented by a 
shoal complex, not a barrier reef.  The shoal complex provided a barrier to open 
marine influx creating a restricted saltern environment.  See text for detailed 





Figure 2-11.  Sligo margin. 
Seismic line of the Sligo margin showing platform morphology and high-energy 
grainstone shoal behind a rudist bank. Figure is interpreted and modified from 
Goldhammer (1999). 
Minas Viejas Evaporite (Robert K. Goldhammer, personal communications).  The 
stratigraphic section measured at Huasteca Canyon is dominated by thick 
grainstone beds, and is composed of high-energy shoal to rudist-reef margin 
facies which is interpreted to represent part of a narrow fringe of this high-energy 
grainstone shoal complex (Figure 2-10B). 
In the Cupido Formation, the shoal complex provided protection from 
wave energy on the landward side, thus bioturbated carbonate mud-rich textures 
dominated lagoonal sediments (Shinn, 1968).  This lagoon extended about 100 
km toward to the Coahuila block (Lehmann et al., 1999).  Sections measured at 
Escalera and Cortinas Canyons are composed dominantly of lagoonal shallow 
subtidal restricted platform facies (Figure 2-10B).  During falling sea level, two 
belts of tidal-flats constitute the Cupido platform interior, tidal-flats attached to the 
shoal margin and land attached tidal-flats (Figure 2-10B).  Within these belts, 
protected from most burrowing organisms and intense wave energy, laminites 
and heterolithic thin beds of alternating dolomudstones and packstones were 
deposited in minimal water depths.  Facies dominating the landward portion of 
the lagoon were recognized at Chorros Canyon.  This section is dominantly 
composed of heterolithic thin beds, laminites, or sabkha dominated succession.  
Similar facies are recognized at Potrero Garcia, Potrero Chico, and Potrero 
Minas Viejas (Figure 2-10B). 
The presence of evaporites implies that an arid climate would produce 
significant sabkha and laminite facies-belts landward of Chorros Canyon, 
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comprising the La Virgen Formation, age equivalent to the Cupido platform 
(Goldhammer, 1999).  A fall in sea level caused the progradation of tidal-flat 
environments in two different directions: seaward for the land attached tidal-flats 
and dominantly landward for the shoal complex tidal-flats (Figure 2-12).  
Occasional restriction and exposure of the shoal is also recorded by the 
presence of sabkha like anhydrite and rare mudcracks preserved in the laminites 
as well as the presence of bedded evaporites on the lagoonal side of the shoal.   
DEPOSITIONAL ARCHITECTURE OF THE CUPIDO PLATFORM 
 
Antecedent topography and carbonate production within different parts of 
the platform produced variable depositional architecture across the Cupido shelf 
(Figure 2-10B).  The Cupido Formation is divided into two parts, a lower thin-
bedded progradational LCu and an overlying thick-bedded retrogradational 
Cupidito member, separated by a 2nd-order sequence boundary (Wilson and 
Pialli, 1977, Goldhammer et al., 1991a; Goldhammer, 1999; Figure 2-2).  The 
progradational LCu represents 2nd-order late highstand deposits whereas the 
Cupidito member was deposited during the early part of a 2nd-order Aptian 
transgression that caused the retrogradation of all carbonate platforms in the Gulf 
of Mexico and the growth of subsequent reef build-ups prior to flooding (Bebout 




Figure 2-12.  Depositional model for platform wide depositional sequences. 
Schematic block diagrams showing components of a generalized depositional 
model for platform wide depositional sequences and tidal-flat belts prograding in 
two directions:  A) the unrestricted late portion of the transgressive system tract 
(TST) of a depositional sequence, and B) depositional sequence highstand 
system tract (HST) capped by a sequence boundary.  Facies key is found in 
Figure 2-5A. Vertical exaggeration is approximately 100X. 
High-frequency Cycles 
 
High-frequency cycles are equivalent to the building blocks of shallow 
marine carbonates which are defined as “relatively conformable successions of 
genetically related subtidal facies bounded by peritidal surfaces, subaerial 
exposure surfaces, and/or marine flooding surfaces represented by slow rates of 
deposition” (Wilson, 1975; James, 1984; Hardie and Shinn, 1986; Goldhammer 
et al., 1991b; Goldhammer et al., 1993; Kerans, 1995).  Cycles are considered 
the thinnest succession of repetitive facies and usually contain transgressive and 
regressive components.  The proportion of these components is a function of the 
cycle’s position in a lower frequency sequence as well as its position laterally 
across a platform.  Within the Cupido Formation, meter-scale high-frequency 
cycles are identified using the shallowing-upward vertical succession of Cupido 
lithofacies (Figure 2-10A).   
Variability in high-frequency cycle development 
 
Within the Cupido platform, meter-scale deep subtidal to peritidal high-
frequency cycles vary in their component facies and the percentage of those 
facies across the shelf (Figure 2-13).  High-frequency cycles vary in thickness, 
facies components and type depending on their relative position laterally along 
the platform profile and vertically within individual depositional sequences and  
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Figure 2-13.  High-frequency cycles. 
Summary of different types of high-frequency cycles across the Cupido platform depending on their depositional 
setting: A) Peritidal cycle, B) Shallow subtidal cycle, C) shoal peritidal cycle, D) Deep subtidal cycle.  HTB is a 
heterolithic thin bed.  Facies key is found in Figure 2-5A. 
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the overall sequence stratigraphic framework.  The proportion of peritidal to 
subtidal cycles and the different components of facies within individual high-
frequency cycles were used to interpret dominant depositional environment, 
position within depositional sequences and larger system tract components.  In 
this part, I will discuss the different high-frequency cycles (Figure 2-13) and their 
depositional settings; 1) outer shelf, 2) shelf crest, 3) lagoon and 4) Tidal-flat 
(Figure 2-10B). 
1) Outer shelf 
 
Huasteca Canyon is interpreted to have been located on the seaward side 
of the grainstone shoal margin and contains the greatest percentage of skeletal 
and non-skeletal grainstones (Figure 2-10B).  Within the 2nd –order late 
highstand LCu deposits, shallow subtidal and peritidal cycles are dominant 
(Figures 2-13A, B, and C).  These cycles have a base composed of skeletal 
packstones and rarely non-skeletal grainstones.  Mounded or isolated patches of 
requienids and Caprinids rudists overlay and interfinger with skeletal packstones 
followed by heterolithic thin beds and laminite caps (Figures 2-13B and D).  
There are no indications of prolonged subaerial exposure or beach rock 
development.  Also notable is the lack of any evaporites, bedded gypsum or 
nodular anhydrite. 
Deeper subtidal high-frequency cycles dominate the Cupidito member 
sediments.  These cycles initiate with intraclast or rip-up clast dominated 
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packstones, Thalassanoides burrowed packstones, mixed skeletal packstones 
and terminate in dominantly oolitic grainstone caps.  The bedded deposits of 
requienid, chondrodont, and caprinid rudist packstones sometimes overlie the 
burrowed sediments and can also be capped by slightly burrowed to cross-
stratified oolitic grainstones.   
2) Shelf Crest 
 
Sections located in the shelf crest, for example Potrero Garcia (PG), are 
dominated by shallow subtidal and peritidal high-frequency cycles in the lower 
LCu deposits (Figure 2-10B).  Dominant facies include skeletal and non skeletal 
packstone-grainstones capped by laminites or followed by heterolithic thin beds 
and capped by laminites (Figure 2-13C).  Microbial laminites with anhydrite 
nodules are interpreted as supratidal indicators (Hardie and Shinn, 1986; 
Demicco and Hardie, 1994).  Solution collapse breccias seen within the section 
have been interpreted as minimum accommodation indicators by the nature of 
subaqueous gypsum, and therefore represent the base of the next high-
frequency cycle (early transgressive). 
The Cupidito member is dominated by deep subtidal high-frequency 
cycles with cross-stratified oolitic grainstones caps.  Dominant facies include 
thick beds of requienid, chondrodont, and caprinid rudists dominated packstones 




Escalera Canyon (EC) and Cortinas Canyon (CC) are interpreted to be in 
the lagoon center (Figures 2-10 and 2-12).  Restricted shallow subtidal and 
peritidal high-frequency cycles dominate the LCu deposits.  Bioturbated skeletal-
peloidal packstones, Thalassanoides-burrowed packstones, and calcite-replaced 
bedded evaporites are abundant within the lagoon sections (Table 2-1).  
Increasing percentage of tidal-flat facies, mainly laminites and heterolithic thin 
beds, dominate the top part of lower LCu deposits.   
Shallow and deep subtidal high-frequency cycles dominate the Cupidito 
member sediments.  Thalassanoides-burrowed packstones, and bioturbated 
skeletal-peloidal packstones, bedded requienids and chondrodonts, and rudist 
bioherms dominate the thick cycles.  The thick high-frequency cycles are the 
result of increasing accommodation space due to rising sea level and facies 
amalgamation caused by missed beats in sea-level fluctuations (Goldhammer et 
al., 1991a).   
4) Tidal-flat 
 
Chorros Canyon (ChC) is interpreted to represent the most landward 
portion of the lagoon (Figures 2-10 and 2-12).  The LCu deposits are dominated 
by restricted-shallow subtidal high-frequency cycles at the base and restricted 
peritidal cycles toward the top (Table 2-1).  Thalassanoides-burrowed 
packstones, and bioturbated skeletal-peloidal packstone facies change upward 
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into heterolithic thin beds and laminite, with nodular evaporites with occasional 
thin grainstone.  Frequent exposures are indicated by the presence of nodular 
evaporites and microbial laminites supporting a tidal-flat and sabkha depositional 
environment (Hardie and Shinn, 1986; Demicco and Hardie, 1994).   
The Cupidito member starts with abundant restricted-shallow subtidal and 
peritidal high-frequency cycles.  Dominant facies include laminites, heterolithic 
thin beds, and bioturbated skeletal-peloidal packstones.  As sea level continued 
to rise, deeper subtidal high-frequency cycles developed and tidal-flats facies 
were pushed further landward.  Some bedded requienids and chondrodonts, and 
rudist bioherms were also deposited. 
SEQUENCE STRATIGRAPHY 
 
A variety of terminology exists for the identification and classification of 
cycles, sequences and for building a platform interior to basin stratigraphic 
framework.  The terminology used herein, independent of the forcing 
mechanisms, was chosen to create a hierarchy that will enable the evaluation of 
facies arrangements in an organized manner according to a cycle’s position in 
the next larger scale cycle, sequence or supersequence (Figure 2-14).  
Supersequences are composed of stacked composite sequences, which are in 
turn composed of depositional sequences.  Depositional sequences are internally 
composed of stacked meter-scale high-frequency cycles (e.g. building blocks). 
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Depositional sequences are equivalent to high-frequency sequences of 
Kerans (1995) and Kerans and Tinker (1997) which are also considered 
equivalent to fourth-order (Vail et al., 1984; Van Wagoner et al., 1987), and are 
defined by surfaces or intervals representing a turn around from base sea-level 
fall to base sea-level rise.  Composite sequences (Mitchum and Van Wagoner, 
1991), composed of depositional sequences or high-frequency sequences, are 
equivalent to third-order (Vail et al., 1984; Van Wagoner et al., 1987), and 
indicate prograding and retrograding patterns within intervals (Mitchum and Van 
Wagoner, 1991).  Supersequences are recognized as 2nd-order sequences that 
are bounded by either a surface or an interval of rock recording turnaround from 




The Barremian to Middle Aptian Cupido Formation is composed of 2nd-
order late highstand LCu deposits and 2nd-order early transgressive Cupidito 
member (Goldhammer et al., 1991a; Goldhammer, 1999).  Within the interpreted 
measured sections, a 2nd-order supersequence, encompassing the depositional 
and composite sequences, is observed.  Vertical variations consist of not only 
different high-frequency cycle types and facies proportions, but of depositional 
and composite sequences overall cycle type proportions, system  
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Figure 2-14.  Cycle hierarchy. 
The hierarchy is composed of multiple orders of cyclicity initiating with the highest 
frequency building block, high-frequency cycles (HFCs).  HFCs stack into 
depositional sequences, which stack into composite sequences, then into 
supersequences.  The cycles represent patterns in sea level rise and fall, which 
coordinate with system tracts (HST, LST, TST) and are bound by surfaces: 
sequence boundary (SB), or maximum flooding zone (MFZ). 
tracts and overall thicknesses (Figures 2-15 and 2-16).   
The lower parts of the measured stratigraphic sections are dominated by 
thinner depositional sequences with dominant peritidal and shallow subtidal high-
frequency cycles and increasing abundance of tidal-flats and evaporitic facies 
(Table 2-2).  These parts of the sections represent the LCu (Figure 2-15).  The 
top parts of the sections are dominated by thicker depositional sequences 
dominated by shallow to deep subtidal high-frequency cycles with decreasing 
peritidal high-frequency cycles and restricted facies proportions (Table 2-2).  
These parts of the sections represent the upper Cupidito member (Figure 2-15).  
The change from progradational Cupido to retrogradational Cupidito is marked by 
a 2nd-order sequence boundary which represents a change from decreasing 
accommodation space to increasing accommodation space (Figures 2-2, 2-16 
and 2-17).   
Composite sequences 
 
The interpreted depositional sequences (within the Cupido stack into even 
larger composite sequences (Mitchum and Van Wagoner, 1991).  The 
shallowing/deepening, peritidal/subtidal, highstand/transgressive system tract 
components and thinning/thickening trends of depositional sequences were used 




Table 2-2.  Sequence stratigraphic framework summary. 
Sequence stratigraphic framework for the Cupido Formation showing the major characteristics of interpreted 
composite sequences (I-IV) and internal depositional sequences (A-L), system tract components (highstand, HST; 
Transgressive, TST), dominant facies, type of high-frequency cycles (HFCs) and bounding surfaces: sequence 






Figure 2-15.  Stacking patterns of individual high-frequency cycles (HFCs). 
Stacking patterns of individual peritidal and subtidal high-frequency cycles 
(HFCs) from Chorros Canyon into lower-order depositional and composite 
sequences and their component system tracts (highstand, HST; transgressive, 
TST).  The number, type and thicknesses of HFCs determine the turnaround in 
accommodation and identifying sequence boundaries (SB) and maximum 
flooding zones (MFZ).  Figure 2-16 shows stacking pattern and thicknesses of 
depositional sequences and their system tract components. 
 110
 
Figure 2-16.  Low-order cyclicity.  
Stacking pattern of system tracts components of depositional sequences 
interpreted from Huasteca Canyon highlights lower-order cyclicity (composite 
sequences). The percentage of highstand system tracts (HST) increases towards 
sequence boundaries (SB), whereas the percentage of transgressive system 
tracts (TST) decreases away from maximum flooding zones (MFZ). 
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Figure 2-17.  Fischer plots 
Fischer plots of the Cupido Formation combining 3 sections, Chorros Canyon (ChC), Escalera Canyon (EC), and 
Potrero Garcia (PG1) highlighting overall change in accommodation space and lateral correlation of depositional 
sequences (A-K) and composite sequences (I-IV) and their bounding sequence boundaries (SB). 
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Two full composite sequences and 2 partial composite sequences are 
interpreted within the Cupido Formation (Table 2-2; Figures 2-15 and 2-16).  
Starting from the base of the Cupido Formation, the LCu is composed of the 
highstand part of composite sequence I and overlain by composite sequence II.  
The upper Cupidito member is composed of composite sequence III and the 
transgressive part of composite sequence IV (Table 2-2; Figure 2-16). These 
composite sequences are marked by turnaround from decreasing 
accommodation to increasing accommodation and changes in depositional 
sequences characteristics such as thickness, facies and facies-belt propportions.  
For example, transition from thin shallow water (peritidal-dominated) depositional 
sequences to thick deeper water (subtidal-dominated) depositional sequences 
marks an increase in overall accommodation space available for sedimentation.  
Sequence boundaries are marked by pronounced surfaces or zones, such as 
collapse breccia or stacked thinn peritidal-dominated high-frequency cycles 
overlain by thicker subtidal-dominated high-frequency cycles (Figure 2-16).   
Depositional sequences 
 
Within the Cupido Formation, depositional sequences are composed 
internally of stacked high-frequency cycles.  Stacked high-frequency cycles 
record general deepening and shallowing trends and variations in available 
accommodation space across the entire platform.  A total of twelve depositional 
sequences (A-L) are interpreted within the Cupido Formation (Figures 2-15 and 
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2-16).  Depositional sequences A-F compose the LCu whereas depositional 
sequences G-L constitute the upper Cupidito member (Figures 2-15 and 2-16).  
Depositional sequences are separated by sequence boundaries described as 
unconformities and their correlative conformities (Vail et al., 1977; Vail et al., 
1984; Vail, 1987; Van Wagoner et al., 1987; Vail et al., 1991; Posamentier and 
Allen, 1999).  However, discrete surfaces are not observed in all depositional 
environments across the Cupido platform and stacking patterns of high-
frequency cycles and major shifts in cycle type and facies components are used 
to interpret these turnaround surfaces.  For example, maximum flooding surfaces 
(MFS) are difficult to recognize with certainty, and are better represented by a 
zone of maximum flooding (MFZ).  This is normally represented by stacked 
thicker high-frequency cycles and greater proportion of subtidal cycles.  
Sequence boundaries (SB) are picked on major exposure below evaporites and 
breccias which are very obvious surfaces or within stacked thinner high-
frequency cycles with greater proportions of peritidal cycles.  Therefore, the 
proportion of system tracts will vary depending on the chosen maximum flooding 
zone and is susceptible to other interpretations due to the mosaic pattern of 
subtidal facies.  However, it is clear that there is an overall shallowing toward the 
sequence boundaries followed by deepening toward the maximum flooding 
surfaces (Figure 2-15 and 2-16). 
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STRATIGRAPHIC ARCHITECTURE AND MORPHOLOGY OF THE CUPIDO PLATFORM 
Two dimensional stratigraphic correlation 
 
High-frequency cycle stacking patterns and facies-proportion analyses of 
1-D measured sections (Kerans, 1995) allowed the interpretation of depositional 
and composite sequences for each individual section.  Fischer plot analysis of 
deviation from mean cycle thickness was carried out to evaluate changes in 
accommodation space through time (Fischer, 1986; Read and Goldhammer, 
1988; Osleger and Read, 1991; Lehrmann and Goldhammer, 1999; Figure 2-17).  
These plots were also used to display the great lateral extent of interpreted 
composite sequences, and therefore potential eustatic origin across the different 
sections.  Using the 2nd-order sequence boundary as a datum, 2-D correlations of 
depositional sequences was accomplished across the Cupido platform (Figure 2-
17).  This 2nd-order sequence boundary at the top of sequence F is interpreted as 
an erosional unconformity below evaporite solution-collapse breccias (Figure 2-
18) in all sections except Huasteca Canyon section due to the lack of evaporites.  
The depositional and composite sequence correlation enabled several 




Figure 2-18.  Solution-collapse breccia. 
Outcrop photographs of breccias highlighting observations that support a gradual 
development due to phreatic dissolution below the surface. 
The LCu is composed of a partial composite sequence (HST part) and a 
full composite sequence (Table 2-2).  A total of six depositional sequences (A-F) 
are interpreted within the HST part of the Cupido Formation.  These depositional 
sequences are interpreted and correlated in all measured sections (Figure 2-17 
and 2-19).  The overall thicknesses of these depositional sequences decrease 
toward the 2nd-order sequence boundary (Figure 2-16).  This is attributed to 
overall decrease in accommodation space.   
The Cupidito member is composed of a full composite sequence and a 
partial composite sequence (TST part) that encompass a total of six (G-L) 
depositional sequences (Table 2-2; Figures 2-15, 2-16, 2-17 and 2-19).  
Depositional sequences G-J are interpreted and correlated across the entire 
upper part of the platform (Figure 2-19).  However, sequences K and L are not 
present at the margin sections (Huasteca Canyon, Potrero Garcia, Potrero Chio 
and Potrero Minas Viejas; Figures 2-10 and 2-19).  These two extra sequences 
are interpreted to be a result of landward shift in sediment production as a 
reaction to the increasing rate of relative sea-level rise and retrogradation of the 
shelf.  The Cupidito depositional sequences also exhibit back-stepping geometry 
as Sequence K is present across parts of the lagoon (sections at Escalera 
Canyon, Cortinas Canyon, and Chorros Canyon) and extending landwards 
(Figures 2-10 and 2-19).  However, sequence L is only interpreted in the most 





Figure 2-19.  Fence diagram illustrating sequence stratigraphic framework. 
Fence diagram combining six measured sections in their relative positions 
(Chorros Canyon, ChC; CC, Cortinas Canyon, CC; Escalera Canyon, EC; 
Potrero Garcia, PG1; Potrero Chico, PC; Potrero Minas Viejas, PMV). Lateral 
correlation of sequences and retrogradational geometry of the platform are 
evident.  Depositional sequences (A-L) and composite sequences (I-IV) and the 
2nd-order sequence boundary (SB) are outlined.  Red part represents the lower 
highstand (HST) LCu and the blue part represents the transgressive (TST) 
Cupidito member.  The 2nd-order sequence boundary is used as a datum.  La 
Peña thickness is estimated.  Distances in km. Modified from Foster (2003) and 
Altobi et al. (2004). 
 
Stratigraphic framework for the Cupido Formation 
 
The comprehensive high-resolution sequence stratigraphic framework 
developed here for the Cupido Formation matches to previous stratigraphic 
frameworks developed by Goldhammer et al. (1991a) and Lehmann et al. (2000) 
(Figure 2-19).  Goldhammer et al. (1991a) interpretation is based on the analysis 
of one stratigraphic section measured at Potrero Garcia through the upper most 
LCu and Cupidito member sediments and correlates with developed framework 
for a section close to the Cupido margin (Figures 2-1, 2-5, 2-19 and 2-20).  
Lehmann et al. (2000) correlated seven widely-spaced stratigraphic measured 
sections exposed in a large area of northeastern Mexico that includes study area, 
as well as northwest and west of study area.  They correlated four high-
frequency sequences in the LCu and three high-frequency sequences in the 
Cupidito member composing a partial composite sequence (Figure 2-20).  Their 
interpretation differs with my conclusions both in the number of depositional 
sequences (their high-frequency cycles) and the stacking patterns of the 
composite sequences (Figure 2-20).  The framework developed here combines 
more stratigraphic sections which exhibit different depositional 
paleoenvironments and show a large overview of the whole platform.  All 
sections were measured on the cm scale (Appendix A) and encompass most if 




Figure 2-20.  New high-resolution framework 
Summary diagram comparing this study’s results with previous frameworks (Goldhammer et. al., 1991a; Lehmann 




Stacking patterns and syndepositional faulting 
 
In general, little variation was observed in the thickness of individual 
depositional sequences and their total number of high-frequency cycles in closely 
spaced sections.  However, depositional sequences E and F are significantly 
thicker in Huasteca Canyon than nearby measured sections (Table 2-3; Figures 
2-1 and 2-10).  These sequences contain additional high-frequency cycles which 
could be the result of differential accommodation space created by processes 
beyond carbonate production and deposition.  Ortega and Marrett (2001) 
interpreted fractures and normal faults in the Cupido Formation as early 
syndepositional features that are not related to the Laramide deformation.  
Movement along growth faults will provide differential accommodation space for 
carbonate sedimentation in different parts of the platform (Hardie et al., 1986).  
This can lead to varying number of high-frequency cycles within different parts of 
the platform including closely spaced sections.  Subsurface data from the Sligo 
margin of South Texas shows intense extensional faults that die out vertically 
within the Sligo outer shelf and shelf margin which are believed to have 
originated from syndepositional salt movement (Figure 2-11).   
The thicknesses of depositional sequences in Huasteca Canyon are often 
double those in the other sections over a short lateral distance, which is powerful 




Table 2-3.  Thicknesses of depositional sequences. 
Summary of measured thicknesses in meters, total at each section and per depositional sequence.  Huasteca 
Canyon section has three thick sequences (red).  Blank sequence thicknesses are present where the section did 
not extend far enough.  Those sequences believed to be thicker than the current measurement are also given.  




variation in thickness between Huasteca Canyon and the other sections suggests 
that the most intense faulting occurs between the shoal and the true shelf edge.  
The extensional faults provide the best mechanism for increased subsidence 
relative to the rest of the platform, but slow enough for carbonate production 
rates to fill the newly created space. 
Timing, formation, and significance of solution-collapse breccias 
 
Polymict solution-collapse breccia within the Cupido carbonates can be 
found between any facies but is most commonly found above lagoonal sediments 
or above the laminated mudstone facies due to the restricted environment 
associated with bedded evaporites.  The process of collapse is tied to the 
dissolution of buried bedded evaporites by continental ground waters which 
result in the breakage and mixture of the overlying facies (Stanton, 1966; 
Swennen et al., 1990; Warren, 1999).  The clasts in these breccias are lithified, 
often stylolitized, and even fractured before breaking apart and are infilled with 
carbonate mud grading upward into reprecipitated gypsum (e.g.  the 2nd-order 
sequence boundary shown in Figure 2-18).   
The stratigraphic significance of bedded evaporites is their position 
between depositional sequences.  These evaporites are formed during early 
rises in sea level when restricted and evaporitic conditions dominate the platform 
after subaerial exposure (Goldhammer, 1999; Warren, 1999; Figure 2-21).  The  
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Figure 2-21.  Schematic development of solution-collapse breccias.  




correlation of depositional sequences based on evaporites further enhances the 
significance of breccia development.  The 2nd-order sequence boundary within 
the Cupido Formation has been chosen by preserved extensive solution collapse 
breccia that formed due to the dissolution of underlying bedded evaporites.  The 
thickest, well developed breccia is a product of a thick evaporite which was 
deposited, buried by successive carbonate cycles, lithified, and undisturbed until 
sea level dropped to a new low for an extensive period of time marking the 2nd-
order sequence boundary (Figure 2-21).   
The restriction of the lagoon before and during the next evaporite 
deposition resulted in a hydrostatically driven influx of continental water.  The 
percolating waters would then cause the dissolution of the evaporite in the 
underlying sequence resulting in the development of a large solution-collapse 
breccia (Warren, 1999; Figure 2-21).  This process could be repeated for each 
additional depositional sequence until the deposition of evaporites came to an 
end.  Each succeeding breccia development would be minor to a lesser degree 
due to the decreasing amounts of time for exposure to continental waters (Figure 
2-22).  This stratigraphic stacking of breccias supports the concept that breccia 
formation occurs at depth due to the fall in sea level associated with the following 
sequence and does not occur at the surface (Warren, 1999).  The inclusion of 
lithified clasts with stylolites and early fractures within the breccias also supports 




Figure 2-22.  Potrero Garcia section. 
Stratigraphic measured section from Potrero Garcia showing the relationship 
between solution-collapse breccia thickness and its correlative sequence 
boundary (SB).  The 2nd-order sequence boundary (SB F) is interpreted by thick 
breccia (2 m) and is interpreted to represent the longest time of minimal 
accommodation space (exposure) as indicated by thick breccia (3 m) below at 
sequence boundary E (SBE) and very thin breccia (<1 m) above at  sequence 





Thick shallow-water Cupido carbonates accumulated for more than 250 
km from the shelf margin to the Coahuila block.  Limited outcrops combined with  
the large distances between the measured sections across the platform led to 
interpolation of facies transitions.  Cycle boundaries and interpreted depositional 
system tracts were used as correlation limits for dip profile continuity.  Available 
accommodation space and subsequent system tracts were used as constraints 
for facies-belt distribution within the Cupido platform.  The LCu of the Cupido 
platform has a progradational/aggradational morphology, whereas the upper 
Cupidito member exhibits mainly retrogradational depositional patterns leading to 
eventual drowning (Figure 2-23). 
During the 2nd-order late highstand, the two tidal-flat belts migrated from 
opposite sides into the lagoon.  These tidal belts were broad and parallel to the 
shore line (Figures 2-10, 2-12 and 2-23).  The high energy shoal margin 
prograded and widened basinward as accommodation space decreased.  The 
rudist-bank facies belt prograded basinward as accommodation space 
decreased.  Subtidal lagoonal facies belt dominated the center of the platform, 
but decreasing accommodation space resulted in tidal-flat progradation 
narrowing its depositional extent.  
As sea level rose during the 2nd-order transgression, the tidal-flat belt 




Figure 2-23.  Cupido platform interior. 
Block diagrams of the Cupido platform interior with eight localities of measured 
sections.  Section names from north to south are Potrero Minas Viejas (PMV), 
Potrero Chico (PC), Potrero Garcia (PG), Huasteca Canyon (HC), Escalera 
Canyon (EC), Cortinas Canyon (CC), and Chorros Canyon (ChC).  The facies 
color key can be found in Figure 5.  The depositional sequences (A-L) are 
grouped according to their positions composite sequences (I-IV) and the 2nd-
order supersequence.  They illustrate the progradational, aggradational and 
retrogradational back-stepping nature of the drowning platform as sea level (SL) 
rises.  The 2nd-order sequence boundary, (SB) divides the highstand (HST) from 
the transgressive (TST) and is located at the top of depositional sequence F.  
Modified from Foster (2003). 
 
carbonate production (Figure 2-23).  The subtidal lagoonal facies belt widened at 
the early stages of sea level rise but the inability of sedimentation to keep pace 
with rising sea level led to deepening of the lagoon and eventual drowning.  The 
increase in accommodation space also caused the shoal-facies belt to narrow as 
it attempted to keep pace with optimal production window (Figure 2-23).  The 
tidal-flat belt attached to the shoal narrowed rapidly, and eventually drowned.  
The rudist-bank facies belt retrograded and drowned due to rapid rise in sea level 
(Figure 2-23). 
The platform drowned slowly during the 2nd-order transgression allowing 
time for the platform interior sequences to aggrade slightly while adjusting their 
thickness to the increasing accommodation (Figure 2-23).  As sea level 
continued to rise, the sequence development became a function of diminishing 
sediment production resulting in a landward shift with a back stepping geometry 
(Figures 2-19 and 2-23).  The sediment production on the Cupido platform kept 
up with sea level between depositional sequences G-I but as the rate of sea-level 
rise increased the focus of sediment production was forced to shift landward, 
removing all peritidal facies from the shoaling cycles within depositional 
sequence J .  While depositional sequences K and L were being deposited in 
Chorros Canyon section, the La Peña Shale formed a condensed zone above 
the other sections, covering the shoal complex (Figures 2-19 and 2-23).  This 
condensed zone could easily represent 1-2 m.y., the approximate duration 
required to deposit the up dip depositional sequences, K and L.  The shale would 
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ideally be thickest in the portion of the shelf that was drowned the longest such 
as the outer shelf (Tinker, 1985; Figures 2-19 and 2-23).   
CONCLUSIONS AND IMPLICATIONS 
 
1) The Cupido carbonate platform of the Lower Cretaceous is a rudist reef-
rimmed shelf with a shoal complex shelf crest.  The reef was probably 
not a prominent barrier for the Cupido platform though it may be 
represented as such in other positions along the western Gulf of Mexico 
shelf-margin trend.  A shallow lagoon, dominated by bioturbated 
carbonate mud-rich textured sediments, developed behind the shoal, 
which provided protection from wave energy. 
2) Meter-scale deep subtidal to peritidal high-frequency cycles vary in 
thickness, facies components and type depending on their relative 
position laterally along the shelf profile, vertically within individual 
depositional sequences and the overall sequence stratigraphic 
framework.  They are laterally continuous and easily correlated between 
closely spaced measured sections.  These high-frequency cycles stack 
into lower-order depositional sequences that then correlate across the 
entire platform.  These depositional sequences, in turn, stack into 
composite sequences that correlate regionally. 
3) Six depositional sequences (A-F) are interpreted and correlated across 
the platform within the LCu.  These sequences comprise partial 
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composite sequence I, and complete composite sequence (II).  A total 
of six depositional sequences (G-L) are interpreted within the Cupidito 
member.  These sequences comprise one complete composite 
sequence (III) and a partial composite sequence (IV).  Depositional 
sequences (K-L) are part of composite sequence (IV) and are only 
interpreted updip and were deposited as the carbonate factory shifted 
landwards due to rising sea level. 
4) The number, type, facies components and stacking pattern of high-
frequency cycles are used to interpret lower-order cyclicity within the 
Cupido Formation.  High-frequency cycles within the LCu are 
dominantly peritidal and capped by heterolithic thin beds or laminite.  
The proportion of subtidal to peritidal high-frequency cycles decreases 
in depositional sequences A-F. The total thickness of individual 
depositional sequences decreases toward the 2nd-order sequence 
boundary.  However, within the upper Cupidito member, the proportion 
of subtidal to peritidal high-frequency cycles increases as well as the 
thickness of high-frequency cycles due to cycle amalgamation.  The top 
part of sequence H and sequence I include laminite capped high-
frequency cycles and abundant peritidal high-frequency cycles along 
with some thick subtidal high-frequency cycles.  Sequences J-L show 
mainly thick shallow and deep subtidal high-frequency cycles 
dominated by open marine facies. 
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5) The sequence stratigraphic framework developed here was compared 
with the frameworks developed by Goldhammer et al. (1991a) and 
Lehmann et al. (1999) on the basis of 1 and 6 sections, respectively.  
My study integrated several stratigraphic sections and thus enabled a 
more robust correlation and resulted in the recognition of 4 additional 
depositional sequences, 1 composite sequence and retrogradational 
geometry of the Cupidito member. 
6) The Sligo Formation of south Texas contains many stratal geometries 
and structural features that are thought to extend into the Cupido 
Formation.  The two formations shared the same reef trend along the 
western Gulf of Mexico in the Early Cretaceous.  Significant variations 
in number of high-frequency cycles and thicknesses of depositional 
sequences between margin depositional sections (e.g.  Potrero Garcia 
and Huasteca Canyon) are interpreted as the result of syndepositional 
faulting on the outer shelf of the Cupido Formation. 
7) Solution-collapse breccias formed because of the dissolution of buried 
bedded evaporites by percolating continental waters which resulted in 
the breakage and mixing of the overlying facies.  This dissolution 
process could be repeated for each additional depositional sequence 
succeeding deposition of evaporates.  Each succeeding breccia 
development would be minor to a lesser degree due to the decreasing 
amounts of time for exposure to continental waters. 
 136
8) Slow drowning of the platform during the 2nd-order transgression, 
allowed aggradation of platform interior sequences, followed by back-
stepping geometries and landward shift in facies as sequence 
development became a function of diminishing sediment production. 
9) A high-resolution sequence stratigraphic analysis of facies partitioning 
and development of models using 2D correlation, fence diagrams, and 
subsurface analogues allow development of a refined sequence 
stratigraphic framework.  This high-resolution framework, in turns, 
reveals subtle complexities of facies models and their controls which is 
not evident from previous studies.  Results can be applied to similar 
reservoirs for better understanding of facies distribution, models, and 
their lateral continuity.  Results will also add useful insights to future 
studies of Lower Cretaceous carbonate sequence stratigraphy and the 
nature of drowning carbonate platforms. 
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Chapter 3.  The origin of meter-scale high-frequency cycles in 
the Lower Cretaceous Cupido Formation 
ABSTRACT 
 
The Lower Cretaceous Cupido Formation (Barremian-Aptian) of 
northeastern Mexico exhibits thick successions of meter-scale high-frequency 
shallow carbonate cycles.  Facies analysis indicates deposition on a broad 
shallow-marine shelf lagoon behind a grainstone shoal barrier.  High-frequency 
peritidal to subtidal cycles vary in their thickness, symmetry, facies components 
and stacking patterns across the shelf.  The number of high-frequency cycles is 
laterally continuous and stack systematically into depositional sequences and 
large-scale composite sequences that can be correlated across the Cupido 
platform.  Platform-wide high-frequency cyclicity supports a possible allocyclic 
driving mechanism. 
Between Monterrey and Saltillo, six stratigraphic sections encompassing 
Cupido Formation were studied using Blackman-Tukey spectral analysis.  A 
strong Milankovitch signal appeared when the time series was ‘tuned’ to 
precession and a constant sedimentation rate was assumed within each cycle.  
All of the principal periodicities related to eccentricity (E), both long and short, 
calculated for Cretaceous times are present: E1 (264-392 kyr), E2 (89-98 kyr), 
and E3 (107-126 kyr), along with an obliquity component with peaks at periods 
(38-59 kyr) near double that of the precession, which is a predicted feature of 
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orbitally-forced insolation at the equator.  Strong correlations of Milankovitch 
signal vertically throughout the entire Cupido Formation and laterally across the 
platform supports lateral continuity of high-frequency cycles and an external 
driving mechanism.   
External Milankovitch-driven global climatic changes produced low-
amplitude, high-frequency sea-level fluctuations, resulting in meter-scale high-
frequency carbonate cycles across the shallow Cupido shelf.  These results 
support a global Milankovitch signal during Mesozoic development of cyclic 
shallow-marine carbonate platforms and possibly greenhouse platforms. 
INTRODUCTION 
 
Many carbonate platform depositional environments, such as tidal-flats 
and shallow-water lagoons, are extremely sensitive to small sea-level changes 
because of their location close to the shoreline and their generally flat topography 
(Hardie and Shinn, 1986).  Furthermore, because the production of tropical 
carbonate sediment is related to the type and health of biological communities, 
carbonate platforms may also respond directly to climatic change as their short-
term sedimentation rates are very high relative to rates of subsidence and 
eustatic change (Schlager, 1981; Enos, 1991).  Therefore, sea-level fluctuations 
and climatic changes of very short duration can potentially be recorded if 
sufficient accommodation space is created.  For these reasons, thick 
successions of cyclic carbonate platforms would seem to be favorable sites to 
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look for paleoenvironmental changes over periodicities encompassing the 
Milankovitch range (104–106 years).   
Nonetheless, the ability of carbonate platforms to register environmental 
changes, and particularly sea-level and climatic changes produced by 
Milankovitch orbital periods, is still a matter of debate.  The main concerns are 
related to the possibility that internal sedimentary processes, i.e., autocyclic 
processes (Ginsburg, 1971; Pratt and James, 1986; Satterley, 1996), as well as 
tectonic activity (Hardie et al., 1986; Hardie et al., 1991) and stochastic 
processes (Drummond and Wilkinson, 1993a, b; Demicco, 1998; Wilkinson et al., 
1998) might overwhelm, and possibly mimic, Milankovitch-driven sea-level 
changes through climatic processes (Lehrmann and Goldhammer, 1999; 
Goldhammer, 2003).  The Ginsburg autocyclic mechanism especially is often 
regarded as fundamental to the production of thick sequences of carbonate high-
frequency cycles, although its occurrence and effectiveness still need to be more 
thoroughly evaluated (Schwarzacher, 1993, 2000).   
Extensive and thick successions of cyclic, dominantly peritidal carbonate 
platforms were deposited at the margins of Tethys during the Mesozoic, with 
relatively few short interruptions (Bosellini, 1984; Hardie et al., 1986; 
Goldhammer et al., 1991a; Alsharhan and Nairn, 1993; Wilson and Ward, 1993; 
Gianolla et al., 1998; Strasser et al., 1999; Lehmann et al., 1998).  Recognition of 
Milankovitch forcing in these successions would furnish crucial information about 
the nature of Mesozoic climate systems, sedimentary processes and 
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sedimentation rates, and would provide a precise time scale over intervals where 
biostratigraphic control remains poor.  Moreover, high-precision long-distance 
correlation among successions may be useful in restoration of ancient 
sedimentary systems for hydrocarbon exploration purposes. 
The Lower Cretaceous Cupido Formation (Barremian to Aptian) exposed 
within the Sierra Madre Oriental (SMO) exhibits well-developed meter-scale 
cyclicity and reveals information about platform morphology, facies composition 
and depositional processes and paleoenvironments (Goldhammer et al., 1991a; 
Lehmann et al., 1998, 1999 and 2000; Wilson, 1999; Foster, 2003; and Altobi et 
al., 2004; Altobi et al., in prep.).  This study of inner platform cyclicity was 
conducted to evaluate various types of meter-scale high-frequency cycles, and 
potential mechanisms that explain their origin.  Six stratigraphic sections were 
measured and studied in detail at three localities representing different 
depositional settings across the platform (Figure 3-1).  The objectives of this 
chapter are to: 1) describe peritidal, shallow and deep subtidal high-frequency 
cycles across the Cupido platform; 2) evaluate, using spectral analysis, the 
controlling mechanisms of meter-scale high-frequency cycles (allocyclic vs. 
autocyclic, periodic vs. random and in particular, the role Milankovitch orbital 
variations); and finally, 3) illustrate the lateral continuity of stratigraphic cyclicity.   
Although focusing on a limited area of the vast deposits of Mesozoic 
carbonate platforms developed worldwide, these results have important 
implications about the debate on the origin and characteristics of carbonate  
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Figure 3-1.  Map and Landsat image. 
Geographic map and Landsat image illustrating the position of measured 
sections (yellow circles) relative to the Sierra Madre Oriental (SMO) and the 
Coahuila block. Monterrey (M) and Saltillo (S) Mexico are shown for orientation.  
The Coahuila Marginal Fold Province (CMFP) lies northward of the curvilinear 
thrust front (purple line) of the Sierra Madre Oriental.  Anticlines and section 
names from north to south are Potrero Minas Viejas (PMV), Potrero Chico (PC), 
Potrero Garcia (PG1 and 2), Huasteca Canyon (HC), Escalera Canyon (EC), 
Cortinas Canyon (CC), and Chorros Canyon (ChC).  Sections used for spectral 
analysis are Huasteca Canyon (HC), Escalera Canyon (EC), Cortinas Canyon 
(CC), and Chorros Canyon (ChC).  The progradation of the Mesozoic passive 
margin is toward the east, southeast and south away from the Coahuila block.  
The platform margin trend (green line) is modified from Wilson (1999) and Foster 
(2003). 




Passive margin development along the Gulf Coast began in the Late 
Triassic following the continental rifting associated with the opening of the Gulf of 
Mexico (GoM) (Pindell, 1993; Dickinson and Lawton, 2001).  Uplifted blocks of 
Paleozoic basement and intervening grabens, played an important role in 
controlling Mesozoic depositional patterns along the Mexican Gulf Coast (Wilson, 
1990; Goldhammer, 1999; Dickinson and Lawton, 2001).  In northeastern 
Mexico, the Coahuila block, presently bounded by the Sabinas and Parras 
basins, served as a persistent basement high and a local source of clastic 
sediments, which influenced evaporite and subsequent carbonate deposition 
throughout northern and east-central Mexico (Wilson, 1990). 
By the earliest Cretaceous, extensive carbonate platforms developed 
around the Gulf of Mexico (Goldhammer et al., 1991a; Goldhammer, 1999; 
Wilson, 1999; Figure 3-2).  The Cupido platform was a highly 
prograding/aggrading platform with a large high-energy shoal complex barrier 
behind a reefal rudist-coralline bank on the N-S trending margin (Altobi et al., in 
prep.; Figure 3-3) and a high-energy shoal dominated shelf on the E-W trending 
margin (Lehmann et al., 1999).  Protection from wave energy provided by the 
shoal complex allowed  
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Figure 3-2.  Stratigraphy of northeastern Mexico.   
(A)  Paleogeography of the Barremian to Lower Aptian in the western Gulf of Mexico, modified from Goldhammer 
(1999).  The Cupido and Sligo platforms are shown in blue.  Outline of Mexico and U.S. border is shown in black.  
The red box outlines the location of the study area.   
(B) Chronostratigraphic chart for northeast Mexico and Texas Gulf Coast (modified from Goldhammer, 1999).  The 
composite eustatic curve is from Haq et al. (1987).  Time scale is from Hardenbol et al. (1998) and Gradstein et al. 
(1995). Second-order sequence boundary ages are approximations in Ma.  Abbreviations are: LST-lowstand 
system tracts, TST-transgressive system tracts, HST-highstand system tracts, LSW-lowstand wedge, SMW-shelf 
margin wedge, MFS-maximum flooding surface.  Lithologies are discussed in text, border highlights interval of 
interest.  Pinnacle reefs and buildups are shown as small domes.  FW1 and FW2 refer to parts of the La Casita 




the development of mud-dominated lagoonal facies on the landward side (Figure 
3-3).  The Cupido Formation (about 800 m thick) consists of a platform interior 
succession composed of hundreds of meter-scale upward-shallowing carbonate 
cycles (Wilson and Pialli, 1977; Wilson and Selvius, 1984; Wilson, 1981; 
Goldhammer et al., 1991a; Wilson and Ward, 1993; Lehmann et al., 2000; 
Foster, 2003; Altobi et al., 2004; Altobi et al., in prep.).  Two thirds of the Cupido 
Formation is regressive, progradational LCu (lower Cupido part) and the upper 
third is transgressive, aggradational-retrogradational Cupidito member (Wilson 
and Pialli, 1977).  During the Upper Aptian, the Cupido platform was drowned by 
the deposition of La Peña Shale, which is composed of alternating pelagic 
carbonates and shale (Tinker, 1985).   
PROPOSED MECHANISMS CONTROLLING METER-SCALE HIGH-FREQUENCY CYCLES  
 
Causal mechanisms for meter-scale cyclicity observed in greenhouse 
Cretaceous carbonates are poorly understood.  During greenhouse periods little 
or no polar ice existed on the continents due to high amounts of carbon dioxide in 
the atmosphere and the luminosity of the sun (Read, 1995).  Climate-controlled 
sea-level variations (up to 8 m in amplitude) during greenhouse periods have 
been proposed as a result of thermal expansion and contraction of ocean 
volumes, and waxing and waning of alpine glaciers and lakes (Jacobs and 




Figure 3-3.  Depositional environments across the Cupido platform.  
(A) Idealized shallowing-upward succession of the Cupido lithofacies.  Key for structures is in Appendix A. 
(B) Generalized schematic depositional model of the Cupido platform illustrating the depositional paleo-
environments of the measured sections as they would appear projected along a dip oriented profile.  The shelf 
crest is represented by a shoal complex, not a barrier reef.  The shoal complex provided a barrier to open marine 
influx creating a restricted saltern environment.  See text for detailed descriptions of major facies belts. 
resulting in low amplitude and short-time periods for fluctuations of less than 10-
20 m (Koerschner and Read, 1989; Osleger and Read, 1991; Read, 1995; 
Kerans, 1995; Kerans and Tinker, 1997: Figure 3-4).  Sloan and Huber (2001) 
demonstrated, using general circulation models, that precessional-driven 
changes in insolation could result in significant variability in net ocean surface 
moisture balance and the amount of continental runoff at low latitudes during 
greenhouse conditions similar to northeastern Mexico during the Cretaceous.  
Because of this, several models, both allocyclic and autocyclic, have been 
proposed to explain the repetitive nature of upward-shallowing cycles deposited 
on large shallow-water Cretaceous platforms (Loucks and Longman 1982; 
Strasser, 1988; Bosellini, 1989; Goldhammer et al., 1991a; Hunt and Tucker, 
1993; Röhl and Ogg 1996; Lehmann et al., 1998).  Allocyclic models require that 
processes external to the depositional system are responsible for cyclic 
deposition.  Proposed allocyclic mechanisms include: 1) episodic subsidence 
(Hardie and Shinn, 1986; Hardie et al., 1991), 2) stochastically induced aperiodic 
sea-level oscillations (Drummond and Wilkinson, 1993a, b; Demicco 1998; 
Wilkinson et al., 1998), and 3) Milankovitch-forced glacio-eustatic oscillations 
(Goldhammer et al., 1987; Berger, 1988; Hinnov, 2000).  On the other hand, 
autocyclic models call upon processes internal to the depositional system, totally 
independent of external influences, to generate stacked, meter-scale cycles 
(Ginsburg, 1971; Pratt and James, 1986; Wilkinson et al.,  1998). 




Figure 3-4.  Milankovitch driven climate changes. 
Amplitude signals from Milankovitch driven climate changes.  Amplitudes are in 
meters on the right with time on the horizontal axis decreasing to the left.  The 
top curve is from ice house oxygen isotopes which are believed to reflect 100 kyr 
sea-level cycles over the last 700 kyr of the Late Pleistocene (modified from 
Ruddiman and Wright, 1987).  The middle curve is oxygen isotopes of the earlier 
Pleistocene with lower amplitude and 40 kyr cycles (modified from Ruddiman and 
Wright, 1987).  The bottom curve is inferred greenhouse sea-level amplitudes of 
around 20 meters for ~20 kyr cycles.  Figure modified from Read (1995). 
upward shoaling of individual high-frequency cycles, the vertical stacking pattern 
into sequences, concurrent development of subtidal and peritidal cycles across 




Ginsburg (1971) proposed progradation-driven autocyclicity as a possible 
cause of repetitive stacks of meter-scale high-frequency carbonate cycles.  
Under constant subsidence and static sea-level conditions, tidal-flat belts 
prograde over subtidal deposits producing a shallowing upward cycle (Figure 3-
5A).  In the tidal-flat island model, meter-scale high-frequency cycles represent 
tidal-flat islands that accreted vertically and migrated laterally as local sediment 
supply from neighboring subtidal areas waxed and waned during relatively 
constant subsidence (Pratt and James, 1986).  However, Osleger (1991) 
concluded that eustasy coupled with storm and wave reworking is the dominant 
control on stacked subtidal cycles’ formation.  Variability in shifting the focus of 
carbonate sedimentation and deposition only, cannot explain the persistent 




Drummond and Wilkinson (1993a, b) applied statistical analyses to cyclic  
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Figure 3-5.  Autocyclic and allocyclic mechanisms. 
Two possible driving mechanisms for cyclic record in carbonates.  
(A) Repetition of shallowing-upward cycles by tidal flat progradation (Ginsburg, 
1971). Modified from James (1984).   
(B) Diagram of Milankovitch orbital forcing of climate, discussed in text.  These 
are considered to be the causes of oscillations in solar radiation which produce 
high-frequency cycles in the rock record.  Modified from House (1995). 
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carbonate successions and concluded that the vertical arrangement of meter-
scale high-frequency cycles and facies is random.  Either the periodicity of high-
frequency oscillations, the amplitudes, or both may be governed by stochastic 
forces or autocyclicity, and therefore, are unpredictable.  In contrast, Sadler 
(1993) and Lehrmann and Goldhammer (1999) concluded that there is some 
element of order to high-frequency cycles which could be age and scale 
dependant.   
Episodic subsidence 
 
Meter-scale high-frequency cycles might be formed by repeated tectonic 
pulses of uplift (subaerial exposure) and downdropping (submergence) of a 
shallow shelf area (Hardie and Shinn, 1986).  Repeated tectonic pulses of uplift 
and downdropping would provide accommodation space required for individual 
high-frequency cycles (Hardie and Shinn, 1986; Hardie et al., 1991).  Tectonic 
pulses can also be random and are expected to produce subtidal and peritidal 
cycles with limited lateral extent. 
Milankovitch-forced oscillations 
 
The simplest explanation for meter-scale high-frequency cyclicity is that it 
results from high-frequency oscillations in sea level caused by fluctuations in 
glacial ice volume (Fischer, 1964; Goldhammer et al., 1987; Berger, 1988; 
Koerschner and Read, 1989).  Milankovitch orbital forcing has been proposed as 
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a potential control of global ice volume and local sea-level changes which 
produce shallowing upward cycles.  Waxing and waning of ice sheets 
accumulating on land would yield patterns of emergence and submergence 
across shallow-marine shelves (Hardie and Shinn, 1986).  Milankovitch orbital 
forcing could also affect 1) ocean temperature, ocean water volume, lake storage 
of water, and 2) climate and carbonate production.  The periodicities of meter-
scale high-frequency cycles are often compared to Milankovitch orbital periods 
for eccentricity, obliquity and precession (Figure 3-5B). 
CYCLE HIERARCHY OF THE CUPIDO FORMATION 
 
Previous sequence stratigraphic studies of the Cupido Formation are 
relatively few and have been somewhat general.  Goldhammer et al. (1991a) 
established a regional sequence stratigraphic framework for Middle-Upper 
Jurassic to Lower Cretaceous strata in northeastern Mexico.  This regional 
sequence stratigraphic framework has since been modified to focus on the 
Cupido Formation by various studies including Lehmann et al. (1998), Lehmann 
et al. (2000), Foster (2003) and Altobi et al. (2004).  Altobi et al. (in prep.) 
focused on the Cupido outcrops in the SMO near Saltillo and Monterrey to build a 
comprehensive high-resolution sequence stratigraphic framework.  Basin-wide 
sea-level and climate changes have been proposed as causes of meter-scale 
high-frequency cycles within the Cupido Formation (Goldhammer et al., 1991a; 
Lehmann et al., 2000; Foster, 2003; Altobi et al., 2004). 
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The Cupido Formation is divided into two parts, a thin-bedded 
progradational LCu and a thicker bedded retrogradational Cupidito member, 
separated by a 2nd-order sequence boundary (Wilson and Pialli, 1977, 
Goldhammer et al., 1991a; Goldhammer, 1999; Figures 3-2B and 3-6).  The 
stratigraphically lower part of the platform (Cupido) is composed of a partial 
composite sequence (HST part) and a full composite sequence (Figure 3-7).  A 
total of six depositional sequences (A-F) are interpreted within the HST part of 
the Cupido Formation (Figure 3-7).  The overlying Cupidito member is composed 
of a full composite sequence and a partial composite sequence (TST part) that 
encompass a total of six depositional sequences (G-L; Figure 3-7).  These 
sequences are interpreted and correlated in all measured sections (Figure 3-7; 
Appendix D).  The thickness of individual depositional sequences decreases 
toward the 2nd-order sequence boundary.  This is attributed to a progressive 
decrease in accommodation space available for sediment accumulation.  The 
Cupidito depositional sequences also exhibit a back-stepping geometry as 
Sequence K is present across parts of the lagoon and extends landward.  






Figure 3-6.  Potrero Garcia anticline. 
Photo panorama of the measured stratigraphic section in Potrero Garcia, bedding plane is near vertical.  The 
Cupido Formation is a combination of the Cupido, regressive, and the Cupidito, transgressive.  The Aurora 
Formation is not present in the measured section.  The 2nd-order sequence boundary (SB) is drawn in red. 
Figure 3-7.  Sequence stratigraphic framework 
Fence diagram combining six measured sections in their relative positions 
(Chorros Canyon, ChC; CC, Cortinas Canyon, CC; Escalera Canyon, EC; 
Potrero Garcia, PG1; Potrero Chico, PC; Potrero Minas Viejas, PMV). Lateral 
correlation of sequences and retrogradational geometry of the platform are 
evident.  Depositional sequences (A-L) and composite sequences (I-IV) and the 
2nd-order sequence boundary (SB) are outlined.  Red part represents the lower 
highstand (HST) LCu and the blue part represents the transgressive (TST) 
Cupidito member.  The 2nd-order sequence boundary is used as a datum.  La 
Peña thickness is estimated.  Distances in km. Modified from Foster (2003) and 
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Altobi et al. (2004). 
 
Table 3-1.  Summary of facies. 
Facies, types, textures, depositional processes and environment and facies-belts 
of the Cupido Formation.  The location of each facies within the idealized 




Variations of high-frequency cycles across the platform 
 
Within the Cupido platform, meter-scale deep subtidal to peritidal high-
frequency cycles vary in their component facies and the percentage of those 
facies across the shelf (Table 3-1; Figure 3-8).  High-frequency cycles vary in 
thickness, facies components and type depending on their relative position 
laterally across the Cupido shelf, vertically within individual depositional 
sequences, and the overall sequence stratigraphic framework.  The proportion of 
peritidal to subtidal cycles and the different components of facies within individual 
high-frequency cycles were used to interpret dominant depositional environment, 
position within depositional sequences and larger system tract components 
(Table 3-2).  A spectrum of meter-scale high-frequency cycles (1-10 m) from 
peritidal to deep subtidal cycles are recognized within the Cupido Formation 
(Figure 3-8).  The peritidal cycles are commonly asymmetric with thick subtidal 
components and a thinner shallow facies or peritidal component.  Subtidal cycles 
are relatively symmetric or contain equal percentages of deep-water and shallow-
water facies components and commonly occur in the deep-water portions of the 
shelf.  Subtidal cycles do not contain intertidal caps or exhibit exposure features.   
Peritidal cycles related to the land-attached tidal-flats (1.8 m thick 
average; Figure 3-3) are composed of mixed skeletal packstones followed by 
Thalassanoides-burrowed peloidal wackestones/packstones in turn overlain by  
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Figure 3-8.  High-frequency cycles across the Cupido platform. 
Summary of different types of high-frequency cycles (HFCs) across the Cupido platform depending on their 
depositional setting: A) Peritidal cycle, B) Shallow subtidal cycle, C) shoal peritidal cycle, D) Deep subtidal cycle. 
Facies key is found in Figure 3. HTB is a heterolithic thin bed. 
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Table 3-2.  Sequence stratigraphic framework summary. 
Sequence stratigraphic framework for the Cupido Formation showing the major characteristics of interpreted 
composite sequences (I-IV) and internal depositional sequences (A-L), system tract components (highstand, HST; 
Transgressive, TST), dominant facies, type of high-frequency cycles (HFCs) and bounding surfaces: sequence 





heterolithic thin beds of alternating mudstones and skeletal packstones (Figure 3-
8A).  The cycles are capped by cryptalgal laminites with some mudcracks and 
calcitized nodules (originally anhydrite; Table 3-1; Figure 3-9A).  The basal 
skeletal packstones were deposited as skeletal debris that was brought landward 
and reworked during the initial transgression (TST).  As the rate of sea-level rise 
decreased, bioturbation became more effective at reworking sediments and 
ultimately produced a cap of peloidal sediment (Figure 3-8A).  Thalassanoides 
burrows are commonly filled with the mixed skeletal debris (Figure 3-9B).  
Heterolithic thin beds were deposited during relative sea-level fall (HST).  Thin 
laminite caps suggest continued shallowing and progradation during highstand.  
The presence of evaporite nodules on top of cycles implies sabkha-like 
conditions landward of the laminites (Hardie and Shinn, 1986; Demicco and 
Hardie, 1994).   
Shallow subtidal high-frequency cycles of the lagoon interior (8 m thick 
average; Figure 3-3) are dominated by thalassanoides burrows and bedded 
requienids and chondrodonts packstones.  They are sometimes overlain by 
mixed skeletal packstones and capped by burrowed heterolithic thin beds.  Other 
common lagoonal subtidal cycles are capped by Thalassanoides burrows or 
skeletal packstones (Figure 3-8B).  The presence of thalassanoides-burrow 
networks (Figure 3-10A) and tidally influenced sediments imply that this facies 
was deposited in a shallow lagoon just below or within the intertidal zone 




Figure 3-9.  Peritidal facies. 
Photomicrographs of selected Cupido carbonates.  (A) photomicrograph of 
dolomitized laminated mudstone.  (B) photomicrograph of dolomitized matrix, fine 
grained, and burrow fill, coarse grained. 
 
Figure 3-10.  Subtidal facies.   
(A) Field photograph of thalassanoides burrow networks from a bedding plane 
view.  Pencil for scale is 12 cm long. 
(B) Hand sample of unoriented caprinid rudists in mud rich matrix. 
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(Figure 3-10 B) develop during transgression (TST) and opening of the marine 
circulation.  The highstand that follows is represented by shallow-water 
deposition of thin heterolithic beds which lack mudcracks, calcitized nodules or 
any evidence for exposure (Demicco and Hardie, 1994).  Deeper lagoonal pure 
subtidal cycles without tidal-flat caps are also present (Osleger, 1991).   
Peritidal high-frequency cycles, related to the shoal complex (Figure 3-3) 
on the outer shelf (2 m thick average), and are composed of skeletal and non-
skeletal packstones-grainstones capped by laminites or followed by heterolithic 
thin beds and capped by laminites (Figures 3-8C and 3-11A).  Microbial laminites 
with anhydrite nodules are interpreted as supratidal conditions indicators (HST: 
Hardie and Shinn, 1986; Demicco and Hardie, 1994).  Solution collapse breccias 
(Figure 3-11B) seen within the section have been interpreted as minimum 
accommodation indicators and therefore represent high-frequency cycle tops 
(Warren, 1999). 
Deeper subtidal high-frequency cycles (10 m thick average) are found in 
sections between the shoal complex or shelf crest and shelf margin (Figure 3-3).  
These cycles have a base composed of skeletal packstones and rarely non-
skeletal grainstones.  Mounded or isolated patches of requienids and 
chondrodonts rudists (TST; Figures 3-8D and 3-12A) overlay and interfinger with 
skeletal packstones and terminate in dominantly oolitic grainstone caps (HST; 
Figure 3-8D).  The bedded deposits of requienid, chondrodonts, and caprinid 




Figure 3-11.  Platform interior facies. 
(A) Hand sample illustrating the thin laminations on a mm scale, the tan layers 
are mudstones and the black layers are packstones.  
(B) Outcrop photograph of solution-collapse breccias. 
 
Figure 3-12.  Platform margin facies.   
(A) Hand sample of chondrodont bivalves in mud rich matrix.   
(B) Photomicrograph of well sorted grainstone, ooids and lumps with skeletal 
nuclei. 
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capped by slightly burrowed to cross-stratified oolitic grainstones (Figure 3-12B).  
Pure subtidal cycles (Osleger, 1991) are abundant in outer shelf sections.   
Peritidal high-frequency cycles attached to land and those attached to the 
shoal and subtidal cycles in the lagoon are time-correlative according to their 
positions within larger sequences.  Notably while all cycles shallow upward, the 
peritidal cycles shoal up to sea level but the subtidal cycles of the lagoon did not 
always fill the available accommodation space.  Most of the high-frequency 
cycles recognized in the Cupido are asymmetric with thin transgressive basal 
facies and thick regressive upper facies indicating steady shallowing 
(Goldhammer et al., 1991a; Altobi et al., in prep.).  Vertical variations in thickness 
(stacking pattern) and facies components of high-frequency cycles stack 
vertically reveal a lower order cyclicity pattern (Table 3-2; Figure 3-13).   
ORIGIN OF HIGH-FREQUENCY CYCLES IN THE CUPIDO FORMATION 
 
Distinguishing between autocyclic and allocyclic processes is a key step in 
interpreting of the origin of meter-scale high-frequency cycles of the Cupido 
Formation.  Autocyclic processes are internally caused by changes within a 
sedimentary system, whereas, allocyclic processes are system changes caused 
by external forces.   
One potential external forcing mechanism is tectonic subsidence/uplift.  
Growth faulting (Hooker et al., 2002) provided accommodation space for extra 




Figure 3-13.  Cycle stacking and lateral continuity.  
Block diagram of Sequence F (above sequence boundary (SB) E, high-frequency 
cycles 1-6, composed of correlated sections PG2, PG1, and PC (left to right: 
Figure 1).  High-frequency cycles stack vertically and correlate laterally with 
closely-spaced measured sections cutting across cycle boundaries.  A facies key 
can be found in Figure 3-3. Solid correlation lines represent cycle boundaries and 
dashed correlation lines represent the approximate position of flooding surfaces.  
Cycles are numbered according to their position in the stratigraphic section.   
these faults have a limited spatial distribution and small displacement, so they fail 
to explain the widespread cyclicity seen within the Cupido carbonates.  Added to 
this, an active tectonic setting would be required to produce such shallowing-
upward high-frequency cycles.   
A potential internal forcing mechanism is autocyclicity.  In Ginsburg’s 
(1971) model, cycles should be laterally continuous, asymmetric, tidal-flat 
capped, of constant thickness and display no significant progradational or 
retrogradational facies shifts in the two-dimensional stacking patterns.  For the 
Pratt and James (1986) island autocyclic model, cycles should be laterally 
discontinuous, asymmetric, tidal-flat capped, and of varying thickness.  Within the 
Cupido Formation, characteristics of high-frequency cycles support an allocyclic 
origin as indicated by the following observations: 
1) Both peritidal and subtidal cycles are interpreted across the margin with 
peritidal cycles being the dominant type in certain parts (Figure 3-8).   
2) High-frequency cycles are laterally continuous and correlate across 
facies tracts (Figure 3-13). 
3) Both symmetric and asymmetric high-frequency cycles are seen in 
different parts of the platform (Figure 3-8). 
4) Most cycles are capped by tidal-flat facies, however, incomplete 
subtidal cycles (pure subtidal cycles that lack tidal-flat caps) were also 
interpreted within the Cupido Formation.   
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5) High-frequency cycle thickness is highly variable and ranges from 1 m 
to 10 m (Figure 3-8) indicating highly variable sedimentation rates. 
These observations and interpretations support an allocyclic origin for the 
high-frequency cycles of the Cupido Formation, but they provide very little 
information about the allocyclic process that determined their origin.  Clues can 
be obtained through time-series analysis, which require a reasonably long and 
continuous cyclic series to be analyzed.  For example, spectral analysis is a 
widely used statistical tool in cyclostratigraphy to detect hidden periodicities in 
noisy temporal (or spatial) series derived from stratigraphic sequences at 
outcrops or boreholes (Hinnov, 2000). 
Time series analysis 
 
Time series analysis provides tools for recognizing Milankovitch 
frequencies within cyclic platform carbonates (Einsele et al., 1991; Hinnov and 
Goldhammer, 1991; Hinnov, 2000).  Spectral analyses of sedimentation rate-
cumulative time series (constant sedimentation rate within individual high-
frequency cycle assumed to represent equal time duration) from measured 
stratigraphic sections were performed to detect the presence of cycle periodicity 
and quantify their frequency and amplitude (Bloomfield, 1976).  The frequencies 
of periodic components can then be compared to known Milankovitch frequency 
ratios to determine compatibility.  Six stratigraphic sections were measured and 
studied in detail at four localities representing different depositional settings 
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across the platform (Figures 3-1 and 3-3).  Three are located at Chorros Canyon 
(ChC: tidal flat; Figure 3-14), one at Cortinas canyon (CC: lagoon), one at 
Escalera Canyon (EC: lagoon), and another section at Huasteca Canyon (HC: 
platform margin).  In most localities, most of the Cupido Formation, if not all, is 
exposed and accessible.  For high-resolution statistical analysis, each section 
was measured at the centimeter scale documenting thickness, color, grain size, 
lithofacies, depositional texture, biota, sedimentary structures and any evidence 
for subaerial exposure for each bed.  The total length of the sections ranged from 
177 m to 679 m (ChC M: 274 m; ChC S: 347 m; ChC N: 270 m; CC: 177 m; EC: 
679 m; HC: 251 m; Appendix A).  The sections expose a continuous cyclic 
succession of the Cupido Formation, and were chosen to compare and contrast 
dominant meter-scale cycles and their driving mechanisms across the platform.   
The interior deposits of the Cupido platform outcrops offer a great 
opportunity to test cycle periodicity, as they are characterized by the repetition of 
a discrete number of facies, as opposed to the extremely complicated facies 
(Altobi et al., in prep.).  In addition to providing valuable statistical information, 
sedimentation rate-cumulative time series analysis of the Cupido Formation is 
useful for the following purposes.  1) Detecting superimposed frequencies and 
hierarchy of stratigraphic cycles from stratigraphic data.  2). Offering information 
about the lateral extent and variations of Milankovitch forcing because high- 
frequency cycles are present at all five stratigraphic measured sections and 
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Figure 3-14.  Chorros Canyon. 
Aerial photograph of Chorros Canyon (ChC), SMO near Saltillo, with locations of 
measured stratigraphic sections (dashed purple lines).  The Cupido Formation is 
a combination of the Cupido, regressive part, and the Cupidito, transgressive 
part.  The Cupidito transgressive portion is difficult to measure within the anticline 
and it therefore was measured along the road cut.  The solid red line represents 
the approximate location of the 2nd-order sequence boundary (SB). Photo taken 
by Goldhammer (2002). 
correlate across the platform.  3) Providing a wavelength signal for a specific 
(e.g., precession or obliquity) or a mixed (e.g., allocyclic and autocyclic) orbital 
forcing mechanism for high-frequency cycles in the Cupido Formation (Hinnov, 
2000). 
Herein, numerical representation of the rock record is created using 
sedimentation rate-cumulative time series (similar in principle to cycle-thickness 
series of Goldhammer et al. 1987; Hinnov and Goldhammer 1991).  The rock 
record is converted into a time series by assuming an equal duration for each 
high-frequency cycle (18.4 kyr, Milankovitch precession period during the 
Cretaceous: Berger et al., 1992).  Precession was chosen as the dominant cycle 
period because of field observations (low average high-frequency cycle 
thickness) and previous conclusions from Cretaceous sections (Goldhammer et 
al., 1991a; D’Aregenio et al., 1997; Lehmann et al., 1998) and Triassic carbonate 
platforms (Goldhammer et al., 1987; Preto and Hinnov, 2003; Zühlke, 2004).  
Within each cycle, a second assumption is that the sedimentation rate is constant 
during each cycle, regardless of lithofacies.  Additionally, I assume that no 
significant hiatuses occurred during deposition.  Sedimentation rates of individual 
high-frequency cycles give the variable used in time-series analysis and register 
time variations in accommodation space (Goldhammer et al., 1990).  Cycles are 
defined by vertical facies shifts and subaerial exposure surfaces and are 
recognized mainly during field work. 
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Using POWGRAF2 program (see Pardo-Igúzquiza and Rodriguez-Tovar, 
2004, for details), Fourier transform converts the sedimentation rate-cumulative 
time series into a frequency spectrum based on cyclic sinusoids, thereby 
quantifying the relative amplitudes of individual frequencies representing groups 
of cycles in the form of their power spectrum using a variety of methodologies.  In 
this study, smoothed periodogram (Papoulis, 1984; Pardo-Igúzquiza and 
Rodriguez-Tovar, 2004) and Blackman-Tukey approaches (Blackman and Tukey, 
1958; Pardo-Igúzquiza and Rodriguez-Tovar, 2004) were used.  To show 
dominant cyclicity, frequency is converted into period (kyr) and the spectra are 
compared to red noise and its 90%, 95%, 99% statistical confidence limits 
(Figure 3-15).   
Limitations 
 
Sedimentation rate-cumulative time series analysis assumes a complete 
cyclic record in which each cycle equates directly to a sea-level pulse.  This 
assumption limits this analysis as the corresponding stratigraphic record may not 
preserve every pulse, regardless of their driving force, due to complexity of 
sedimentation.   
Sedimentation rate-cumulative time series cannot be used to investigate 
directly the generating process of the high-frequency cycles, because the 
frequency of such a process falls beyond the highest frequency represented in  
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Figure 3-15.  Spectrum of sedimentation rate-cumulative time series. 
Chorros Canyon South (ChC S) stacked cycle series and precession tuned spectrum.   
(A) Stacked high-frequency cycles interpreted from Chorros Canyon South section. Horizontal axis is position 
within the section and vertical axis is relative thickness of individual cycles.   
(B) Tuned spectra of Chorros Canyon South section obtained by Blackman-Tukey spectral analysis. Highly-




the series.  This holds true for all processes that may have operated at 
wavelengths shorter than that of two successive high-frequency cycles.  As a 
result, careful interpretations of results are needed for the following reasons. 
1) The assumption of equal cycle duration should not generally be held 
(Hinnov, 2000; Preto and Hinnov, 2003).  Metronomic analysis (Hinnov, 2000) 
contemplates a hypothesis that considers the natural duration variability of orbital 
cycles, but requires that all high-frequency cycles represent orbital cycles.  This 
approach, however, does not fully exploit the thorough information provided in 
the facies of shallow-marine carbonate platforms, such as those in the Cupido 
Formation, in reconstructing continuous, fine-scale paleoenvironmental signals. 
2) A cycle is typically constructed by the stacking of different lithofacies, 
which have variable sedimentation rates (Kominz and Bond, 1990).  A lithofacies-
rank series (Olson, 1986; D’Argenio et al., 1997; Preto and Hinnov, 2004) 
contains more information than the sedimentation rate-cumulative time series. 
3) Subtidal cycle amalgamation and ‘missed beats’ are common in shallow 
platform carbonates (Hardie and Shinn, 1986; Koerschner and Read, 1989; 
Goldhammer et al., 1990).  Here, sediments do not aggrade to sea level within 
each sea-level pulse and therefore, the cycle does not register subtidal 
deposition to exposure or tidal-flat deposition (Koerschner and Read, 1989; 
Goldhammer et al., 1990). 
4) If a specific orbital forcing mechanism (e.g., precession) is suspected 
as a dominant driver for sea-level oscillations, which in turn provide 
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accommodation space and a constant sedimentation rate for individual cycles, 
then its indirect assessment is possible through the analysis of frequency and/or 
time modulations expressed in the sedimentation rate-cumulative time series 
(Hinnov, 2000).  But if a mixed orbital signal was the source of the forcing with or 
without variable sedimentation rates, then an individual cycle would be expected 
to contain a mix of frequency and time modulations that cannot be evaluated by a 
sedimentation rate-cumulative time series alone.   
Despite the limitations above, time-series analysis, such as spectral 
analysis, offers the best techniques to determine the possible allocyclic process 
behind cyclic shallow-marine carbonate platforms.   
RESULTS 
 
I hypothesize that high-frequency cycles have a constant duration equal to 
precession periodicity and that sedimentation rate is constant within individual 
cycles.  Under this hypothesis, the spectrum is tuned to a frequency of 1 
cycle/kyr (i.e., the short precession frequency calculated for Lower Cretaceous 
by Berger et al., 1992).  Therefore other frequencies related to the Milankovitch 
forcing (eccentricity and obliquity) should appear as sharp peaks in the spectrum.  
If the hypothesis does not hold, then tuning of the time series according to 
precession should not result in any sharp peaks at non-Milankovitch frequencies, 
or any other systematic frequency.  Herein, the frequency is converted into time 
and all the plots are shown in period (kyr). 
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The ‘tuned’ sedimentation rate-cumulative time series and its power 
spectrum are shown for Chorros Canyon South section in Figure 3-15B.  High 
spectral density peaks are observed at 337, 126, 88, 53 and 43 kyr, the predicted 
periods of long eccentricity (E1: labeled as in Hinnov, 2000), short eccentricity 
(E2 and E3: labeled as in Hinnov, 2000) and obliquity times, respectively.  The 
peaks at 53 and 43 kyr can be interpreted as a double beat of obliquity, as 
expected from insolation at the equator (Berger and Loutre, 1997) with most of 
the power concentrated in the higher period (53 kyr).  The spectral density peak 
values are well above the 90% confidence limit for red noise, indicating 
statistically significant deviation from random (Figure 3-15). 
In summary, the observed distribution of spectral peaks in the 
sedimentation rate- cumulative time series strongly supports the hypothesis that 
Milankovitch cycles forced the deposition of the Cupido Formation.  The 
presence of Milankovitch signal can be further tested by tuning and filtering 
techniques beyond the scope of this chapter.  However, I carried out the same 
analysis to check for signal continuity in three other different depositional settings 
and paleoenvironments. 
1) Testing for vertical continuity of Milankovitch signal for the entire 
Cupido Formation section at Escalera Canyon using sliding window 
approach (After Stage, 1999) 
 
The entire Cupido section at Escalera Canyon (Figure 3-1; Appendix A) 
was analyzed using the Blackman-Tukey (Blackman and Tukey, 1958) spectral 
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analysis.  The section was divided into six overlapping windows and data in each 
window were analyzed independently using the technique described above 
(Figure 3-16).  The sliding window approach helps in minimizing variations in 
sedimentation rates by focusing on specific parts of the section at discrete times.  
Sedimentation rates vary depending on position within the larger sequence and 
system tract (Schlager, 1989).  Moderate random variations from mean 
sedimentation rate can alter the spectrum slightly, but original signal peaks are 
still highly significant (Schwarzacher, 1989; Stage, 1999).   
The analysis reveals a persistent Milankovitch signal throughout the entire 
section (Figure 3-16).  High spectral density peaks are observed at long (E1) 
eccentricity (336-392 kyr), short (E2 and E3) eccentricity (89-123 kyr) and 
obliquity (39-57) periods (Figure 3-16).  Variations occur in period and power of 
the spectral peaks, however, most of the variation in period is limited to known 
Milankovitch bandwidths (Figure 3-16).  Again, the labeled spectral density peak 
values are well above the 90% confidence limit for red noise (Figure 3-16). 
The same peaks are present in the power spectra for all windows, which is 
interpreted as an indication that the high-frequency cycles are robust and not 
limited to the special intervals of the stratigraphic column (Stage, 1999; Zühlke, 
2004).   
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Figure 3-16.  Sliding window spectral analysis. 
Blackman-Tukey spectral analysis of entire Cupido Formation section exposed at 
Escalera Canyon (Figure 3-1) using the sliding window approach (see text for 
details).  Color bars indicate vertically correlated spectral peaks at known 
Milankovitch periods.  Labeled peaks are highly-significant (above the 90% 
statistical confidence limit).  Horizontal axis is stretched to better show 
condensed peaks at lower periods. 
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Period variability is probably caused by subtle variations in sedimentation rates 
or orbital forcing periods (Yang et al., 1995; Hinnov, 2000).  Autocyclic processes 
can not be rules out completely and they alone or maybe coupled with tectonics 
might be responsible for peak variations.  The variations in peak periods for E1 in 
windows 3 and 4 (SW3 and SW4) might also be because of missing cycles (e.g. 
missed beats) below and above the 2nd-order sequence boundary. 
2) Testing for lateral continuity of Milankovitch signal between closely 
spaced section in a tidal-flat depositional environment (Chorros Canyon) 
 
Three stratigraphic sections were measured at shortspacing (less than 
150 m apart) at Chorros Canyon (Figures 3-1 and 3-14).  Blackman-Tukey 
spectral analysis of sedimentation rate-cumulative time was applied to the 
sections.  Signal correlation between the sections supports the hypothesis of an 
external control on high-frequency cyclicity.   
High spectral density peaks are observed at 334-392, 107-126, 88-98, and 
38-57 kyr, the predicted periods of long eccentricity (E1), short eccentricity (E2 
and E3) and obliquity bandwidths, respectively (Figure 3-17).  Little variations 
occur in period and power of the spectral peaks, however, most of the variation is 
limited to known Milankovitch bandwidths (Figure 3-17).   
The same peaks are present in the power spectra and correlate between 
the three measured sections (Figure 3-17) indicating lateral continuity of 
 186
 187
Figure 3-17.  Spectral analysis of Chorros Canyon. 
Blackman-Tukey spectral analysis of measured sections through the Cupido 
Formation exposed at Chorros Canyon (Figures 3-1 and 3-14).  Color bars 
indicate laterally correlated spectral peaks at known Milankovitch periods.  
Labeled peaks are highly-significant (above the 90% statistical confidence limit). 
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Milankovitch forcing at Chorros Canyon (Figure 3-14).  Period variability is 
probably caused by subtle variations in sedimentation rates or orbital forcing 
periods (Yang et al., 1995; Hinnov, 2000).  Autocyclic processes can not be rules 
out completely and they alone or maybe coupled with tectonics might be 
responsible for peak variations. 
3) Testing for lateral continuity of Milankovitch signal across the Cupido 
platform from widely-spaced sections 
 
Four stratigraphic sections from four different depositional 
paleoenvironments (Figures 3-1 and 3-3) were examined for cyclic periodicity 
using Blackman-Tukey (Blackman and Tukey, 1958) spectral analysis.  If high-
frequency cycles are driven by an external force such as Milankovitch orbital 
forces, then their periodicities should correlate across the platform. 
High spectral densities peaks are observed at periods of 264-337, 122-
143, 88-92, and 39-59 kyr, the predicted periods of long eccentricity (E1), short 
eccentricity (E2 and E3) and obliquity bandwidths, respectively (Figure 3-18).  
The same high-spectral density peaks are present in all four power spectra with 
little variation of period and power of the spectral peaks from locality to locality 
(Figure 3-18) and correlate with limited variation of peak periods to known 
Milankovitch bandwidths (Figure 3-18).   
Peak variation is probably caused by subtle variations in subsidence and 
sedimentation rates across the platform, completeness of stratigraphic sections,  
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Figure 3-18.  Spectral analysis across the Cupido shelf. 
Blackman-Tukey spectral analysis of measured sections through the Cupido 
Formation exposed at Chorros Canyon, Cortinas Canyon, Escalera Canyon and 
Huasteca Canyon (Figures 3-1).  Color bars indicate platform-wide laterally 
correlated spectral peaks at known Milankovitch periods.  Labeled peaks are 
highly-significant (above the 90% statistical confidence limit).   
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or orbital forcing periods (Yang et al., 1995; Hinnov, 2000).  Autocyclic processes 
can not be rules out completely and they alone or maybe coupled with tectonics 
might be responsible for peak variations.  This strong correlation supports 
previous interpretations of lateral continuity of high-frequency cycles across the 
platform (Goldhammer et al., 1991a; Lehmann et al., 2000; Foster, 2003; Altobi 
et al., in prep.).  More importantly, it supports the hypothesis of an external driver 




Autocyclicity and allocyclicity 
 
Through sedimentological and stratigraphic criteria, I have been able to 
infer that at least some high-frequency cycles of the Cupido Formation are best 
interpreted as allocyclic, but this does not exclude the possibility that autocyclic 
processes were at play as well.  Autocyclic models assume local changes in 
carbonate accumulation rates as the driving force of high-frequency cycles in 
carbonate platforms.  Autocyclic processes (Ginsburg, 1971; Pratt and James, 
1986) can generate cyclic successions similar to those produced by orbitally-
driven sea-level oscillations.  However, the recognition of autocyclic processes in 
cyclic carbonate successions is difficult because of their stochastic nature.  
Therefore, proposed models of autocyclic generation of cycles (Ginsburg, 1971; 
Pratt and James, 1986) can be used to explain individual cycles occurring on 
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some parts of the platform.  However, they are unlikely to be the only driver for 
cyclicity (Schwarzacher, 1993, 2000).  Periodic autocycles have been generated 
in simple carbonate platform models (Drummond and Wilkinson, 1993a, b; 
Demicco, 1998) but have not been widely interpreted in actual stratigraphic 
successions. 
The internal architecture of the Cupido platform is characterized by 
laterally continuous shallowing-upward meter-scale high-frequency cycles which 
stack into larger depositional and composite sequences (Goldhammer et al., 
1991a; Lehmann et al., 2000; Foster, 2003; Altobi et al., in prep.).  Assuming that 
the sedimentological criteria for allocyclicity discussed above are valid, I interpret 
a common allocyclic origin for shallow-marine carbonate high-frequency cycles 
(Goodwin and Anderson 1985; Hardie et al., 1986; Goldhammer et al., 1987; 
Osleger, 1991; D’Argenio et al., 1997; Strasser et al., 1999; Preto et al., 2001; 
Hinnov, 2000).  However, autocyclic processes can still be functioning at different 
scales within individual cycles as they display differences in symmetry, type, and 
thickness.  In the present study, almost all of the Cupido cycles are defined by 
exposure surfaces and lithofacies shifts indicating transgressions and 
regressions (Table 3-2; Figure 3-13).   
Spectral analysis of the six measured sections, tuned to precession (18.4 
kyr), allowed the identification of obliquity and eccentricity (E1, E2 and E3; 
labeled as in Hinnov, 2000).  Tuning the spectrum to precession (18.4 kyr) period 
in each section focused spectral peaks into narrow frequency bands consistent 
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with other Milankovitch components.  Periodicities are persistent within the 
measured sections as revealed by vertical and lateral correlation of closely and 
widely spaced sections (Figures 3-15, 3-16, 3-17 and 3-18).  Therefore, I suggest 
that the Cupido cycles were produced by basin-wide sea-level variations under 
Milankovitch control.  The peaks variations could also be the result of different 
autocyclic processes acting on top of allocyclic drivers and causing a slight shift 
in the location of the peak, hence slightly different period.  These allocyclic 
overprints make it hard to interpret of maybe observe a periodicity range for 
autocyclic processes.   
Milankovitch cyclicity 
 
Because of the absence of polar ice sheets during the Cretaceous 
greenhouse climate, a significant problem exists in generating climatic 
modulators for sea-level oscillations, the proposed primary control on high-
frequency cycle development on shallow-marine carbonate platforms.  
Combinations of climate-driven processes that affect sea level may be necessary 
to generate the minimum sea-level changes required to form shallow-marine 
high-frequency cycles. 
(1) Even though major continental glaciations were absent during the 
Cretaceous (Barron 1983), small ice caps or alpine glaciers might have existed.  
Cretaceous dropstone deposits found in Australia, Arctic Canada, Siberia, and 
Alaska indicate that seasonal ice rafting occurred (Frakes and Francis, 1988).  
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Global falls in sea level seem to coincide with cooler temperatures recorded in 
oxygen isotopes of Cretaceous sedimentary rocks, which suggests that minor 
glaciations in the 105 year range existed during Cretaceous greenhouse time 
(Weissert and Lini, 1991).  Melting of alpine glaciers and small ice caps has 
produced minor sea-level rises within the last century (Meier, 1984; Wigley and 
Raper, 1987).   
(2) Thermal expansion and contraction of ocean water responding to 
global changes in sea-surface temperatures might cause geologically significant 
sea-level changes.  An increase of 18ºC throughout the water column would 
increase sea level by about 1 m (Donovan and Jones 1979; Revelle, 1990; Elder 
et al., 1994).   
(3) Climate-driven changes in water volume stored in lakes and 
groundwater reservoirs (e.g., monsoonal rainfall) have been calculated to 
potentially produce 2–8 m changes in sea level (Hay and Leslie, 1990; Jacobs 
and Sahagian, 1993; 1995).  The Tethyan distribution of continents around the 
Cretaceous equator should have generated a monsoonal climate (Barron et al., 
1995).   
These processes, driven by Milankovitch orbital forces, individually or 
collectively generated the low-amplitude sea-level fluctuations responsible for the 
cyclic Cupido succession in northeastern Mexico (Lehmann et al., 1998). 
Implications for the geologic time scale 
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If the periodicity displayed by the spectral plots indicates a support for 
Milankovitch orbital forcing, then the total amount of time represented by the 
Cupido Formation in the study area can be constrained.  Each high frequency 
cycle has duration of 18.4 kyr.  This tuning produced excellent matches to known 
Milankovitch periodicities.  The amount of time represented by the Cupido 
Formation can be estimated from the spectral results assuming that each high-
frequency cycle represents 18.4 kyr.  Since the entire Cupido Formation in the 
study area is interpreted to consist of 337 high-frequency cycles, the amount of 
time represented by this cyclic interval is 6.2 Myr. 
The total amount of time (6.2 Myr) represented by the Cupido Formation 
calculated using tuned cycle periods (18.4 kyr) is less than that indicated by 
different geologic time scales (Gradstein et al., 1995; Lehmann et al., 1999; 
Gradstein and Ogg, 2004).  These three scales assigned 7 ±2 Myr, 9 ±2 Myr, and 
10 ±2 Myr, respectively (for the Cupido Formation, these are assigned ranges 
derived from biostratigraphy and not exact dated-surfaces) to this stratigraphic 
interval.  Using the Gradstein et al. (1995) time scale, the duration of each high-
frequency cycles is roughly 20.8 kyr (14.8-26.7 kyr).  Using ages provided by 
Lehmann et al. (1999), the duration of each high-frequency cycle is about 26.7 
kyr (20.8-32.6 kyr).  Lastly, using Gradstein and Ogg (2004) time-scale, the 
duration of each high-frequency cycle is about 29.7 kyr (23.7-35.6 kyr). 
The discrepancies between the total amount of time estimated from tuned 
spectra and that estimated from different geologic time scales may be explained 
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in several ways.  First, it is possible that there are a number of high-frequency 
cycles missing from the Cupido sections.  Missing high-frequency cycles range 
from 43, 152, and 206 cycles according to the time scales of Gradstein et al. 
(1995), Lehmann et al. (1999); Gradstein and Ogg (2004), respectively. It is also 
possible that the major 2nd-order unconformity at the top of the LCu interval (e.g. 
heterolithic breccia at Potrero Garcia) may represent a significantly larger period 
of time than assumed.  
CONCLUSIONS 
 
(1) High-frequency cycles of the Cupido formation were deposited in a 
shallow-marine carbonate shelf environment as the result of high-frequency sea-
level variations. 
(2) The number of high-frequency cycles correlate laterally and they vary 
in thickness, facies components, type (subtidal vs. peritidal) and correlate across 
facies tracts.  Symmetric and asymmetric high-frequency cycles are mostly 
capped by tidal-flat facies, however, incomplete subtidal cycles (pure subtidal 
cycles that lack tidal-flat caps) were also interpreted in some parts of the Cupido 
shelf.  These observations and interpretations strongly support an allocyclic 
origin for high-frequency cycles of the Cupido platform. 
(3) Sedimentation rate-cumulative time series analysis of precession-
tuned spectra revealed three persistent eccentricity (E1, E2, and E3) and two 
obliquity peaks throughout the sections.  The peaks occur at the principal orbital 
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eccentricity periodicities E1 (264-392 kyr), E2 (89-98 kyr), and E3 (107-126 kyr) 
and components related to the obliquity with peaks at period (38-59 kyr) near 
double that of precession, which is a predicted feature of orbitally-forced 
insolation at the equator.  Variable subsidence and sedimentation rates across 
the platform, completeness of the sections, missed beats, and subtle variations in 
orbital forces may have caused the little period variation in peak periods and 
power spectral density.  Autocyclic processes can not be rules out completely 
and they alone or maybe coupled with tectonics might be responsible for peak 
variations.  However, peak variation was limited to known Milankovitch periods. 
(4) Sliding window analysis of one section, combined with lateral analysis 
of closely to widely spaced sections show strong correlation of all high spectral 
density peaks.  This supports the lateral continuity of high-frequency cycles and 
an external forcing mechanism.   
(5) External Milankovitch-driven global climatic changes produced low-
amplitude, high-frequency sea-level fluctuations through a combination of 
climatic processes to produce meter-scale cycles across the Cupido platform.  
These results support a global Milankovitch signal embedded in the development 
of Mesozoic cyclic shallow-marine carbonate platforms and possibly other 
greenhouse platforms. 
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Chapter 4.  Evidence for Milankovitch control on early dolomite 




The Lower Cretaceous Cupido Formation is characterized by stacked 
meter-scale high-frequency cycles bundled into depositional sequences which 
recur at scales similar to those of Milankovitch eccentricity periods.  Variations in 
facies components and stacking patterns of high-frequency cycles define a total 
of twelve depositional sequences that stack into two complete and 2 partial 
composite sequences.  Depositional and composite sequences correlate 
suggesting a global eustatic control on sedimentation.   
The lower 2nd-order highstand of the Cupido Formation (LCu) is 
extensively dolomitized.  Most of the dolomite is stratiform synsedimentary ‘early’ 
dolomite with little evidence for pervasive modification by burial diagenetic fluids.  
Early dolomitization formed within individual high-frequency cycles during both 
early sea-level rises and during late sea-level falls in the basal subtidal 
sediments and in tidal-flat caps, respectively.  Evidence for syndepositional 
dolomitization in subtidal sediments includes the extensive dolomitization of 
basal subtidal parts of individual cycles underlying partially dolomitized or 
limestone middle part.  Evidences for syndepositional dolomitization in cycle caps 
include the common occurrence of dolomitized clasts, eroded from the underlying 
cycle cap, in the transgressive base of cycles, and systematic decrease in 
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dolomite abundance below dolomitized caps of peritidal cycles and association of 
dolomite with laminites.  The distribution of early fractures within the LCu is 
dominantly controlled by the degree of predating or contemporaneous 
dolomitization.  Synsedimentary dolomitization of the cyclic LCu carbonates 
occurred in modified seawater within subtidal and supratidal zones, both at high-
frequency cycle-scale and depositional sequence-scale.  Hypersaline conditions 
during early dolomitization are indicated by the presence of local bedded 
evaporite.   
Cyclic sedimentation and synsedimentary dolomitization within Cupido 
carbonates are strongly controlled by sea-level changes.  Meter-scale high-
frequency cycles formed in response to Milankovitch-induced high-frequency 
sea-level fluctuation superimposed on larger sea-level events.  Distribution of 
early dolomite shows a strong relationship to 4th-order sea-level events as the 
transgressive portions of 4th-order depositional sequences are dolomitized 
compared to the regressive portions.  The proposed dolomitization model, 
influenced largely by evaporitic setting and gradual rises and falls in sea level, 
can generate vertically and laterally extensive dolomite given enough time and a 
broad area (up to 61 m thick and 10s of kilometers wide across the shallow shelf) 
of active dolomitization than modern Holocene dolomitizing environments.   
Thickness (Escalera Canyon) and periodicity (Chorros Canyon) clusters of 
completely dolomitized cycles within the LCu sediments are equivalent to 4th-
order depositional sequences in thickness (58 m thick on average) and in 
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duration (294-338 kyr).  Therefore, Milankovitch-induced 4th-order sea-level 
events may exert a significant influence on early dolomite distribution within the 
LCu interval.  These 4th-order sea-level fluctuations can provide the necessary 
fluids and Magnesium/calcium ratio partly required for platform-wide 
dolomitization. 
Even though thickness and periodicity clusters of dolomitized cycles were 
quantified, they are not uniform across the Cupido platform. I also speculate that 
Milankovitch forcing may have influenced dolomite distribution in other geologic 
periods and settings. It is unlikely, however, that the Cupido model is valid for all 
shallow-marine carbonate platforms.  This is because the operating 
dolomitization mechanisms vary with location and time across a single platform, 
depending on sea-level fluctuations. 
INTRODUCTION 
 
The relationship between dolomite distribution, stratigraphic age of 
dolomitized strata and global eustasy have been studied to link dolomite and 
sea-level history (Given and Wilkinson, 1987; Lumsden, 1989; Sibley, 1991; 
Montañez and Read, 1992; Table 4-1).  The studies suggested that most ancient 
dolomite formed during periods of prolonged sea-level highstands associated 
with long-term rising sea level.  Other studies, however, linked dolomite to 
regressive depositional facies and associated limestone with transgressive facies 
(Harris, 1973; Gorody, 1980; Kerans and Lucia, 1989; Montañez and Read, 
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1992; Table 4-1).  Various authors (Mackenzie and Pigott, 1981; Wilkinson et al, 
1985; Wilkinson and Given, 1986; Mackenzie and Agegian, 1989; Wilkinson and 
Algeo, 1989) suggested that periods of significant dolomite occurrence may be 
related to variation in atmosphere-hydrosphere environmental conditions.  For 
example, Mackenzie and Morse (1992) postulated that times of high sea level, 
coupled with high atmospheric CO2 levels and low saturation state of seawater 
with respect to carbonate minerals, are favorable dolomitization times.  Balog et 
al. (1999) suggested that vertical distribution of early dolomite might not reflect 
eustasy, but instead, it indicates control by long-term climatic changes.  More 
recently, dolomite distribution has been linked to transgressive depositional 
lithofacies of cycles and sequences (Smith et al., 2004; Altobi, 2006; Table 4-1).   
Dolomitized meter-scale high-frequency cycles often characterize thick 
carbonate successions (Wilson, 1975; Grotzinger, 1986; Koerschner and Read, 
1989; Gao and Land, 1991; Montañez and Read, 1992; Altobi et al., 2004; Altobi, 
2006).  These cycles range between extensively dolomitized to partly dolomitized 
high-frequency cycles, which stack into lower-order depositional, composite and 
larger-scale partially to completely dolomitized sequences.  However, the origin 
of dolomite in these cyclic carbonate successions remains a mystery.  The 
discovery of Holocene dolomicrite and protodolomite in supratidal, coastal 
lagoon, and saline lake settings confined dolomite development to saline and/or 
evaporitic conditions (Shinn et al., 1965; Folk and Land, 1975).  Actually, many 
dolostones display evidence of just such a depositional setting (for example, the  
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Table 4-1.  Previous studies. 




presence of algal laminae, mudcracks, and associated evaporite minerals), and 
some authors concluded that all dolomite is a type of evaporite deposit 
(Friedman, 1980).  Vasconceloes et al. (1995) suggested direct involvement of 
bacteria (possibly including sulphate-reducing bacteria) in dolomite precipitation.  
However, these models alone, cannot adequately explain many massive 
dolostones of the geologic record (Land, 1985).   
To date, the ‘dolomite problem’ is still unresolved.  This stems from our 
inability to synthesize dolomite inorganically in the laboratory under standard 
temperature and pressure (STP, 25 ºC and 1 atm) despite its widespread 
occurrence in carbonate rocks of different ages and different depositional 
environments (Warren, 2000).  Because of this, dolomitization models derived 
from modern analogs are used to interpret ancient massive dolomite with 
different textural and geochemical compositions.  The initial texture and 
geochemical compositions of ancient dolomite, especially syndepositional 
dolomite, are highly likely to have been extensively altered by a variety of 
diagenetic fluids and processes (Land, 1980; 1985; Banner et al., 1988; Smith 
and Dorobeck, 1989; Shelton et al., 1990; Gao and Land, 1991; Montañez and 
Read, 1992; Allan and Wiggins 1993; Warren, 2000).  Therefore, our current 
understanding of dolomite genesis is inhibited by complex diagenetic overprinting 
on initial early dolomite characteristics.  Added to this, knowledge of the timing 
and mechanism of dolomite formation is important if we are to understand the 
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emplacement and distribution of hydrocarbons and base metal ores into a 
dolostone. 
To evaluate the origin of synsedimentary dolomite, this chapter quantifies 
the relationship between early dolomite distribution, stratigraphic surfaces, 
lithofacies and high-frequency cycles recording sea-level changes.  Extensive 
early dolomite within the Lower Cretaceous Cupido carbonates is coupled with 
2nd-order regressive sediments and is controlled by sea-level oscillations.  The 
chapter demonstrates a primary relationship between dolomite distribution, 
lateral continuity, stratigraphic surfaces and sea-level changes.  The chapter also 
presents a model for synsedimentary dolomitization processes within cyclic 
carbonates.   
Methods 
 
Fifteen stratigraphic sections through the Cupido Formation were logged 
and described in detail on a decimeter-scale.  The locations of the measured 
sections were chosen for best accessibility to the outcrop and exposure of large 
section of the Cupido Formation.  Six sections measured at Chorros Canyon 
(Figure 4-1) were used for an extensive study of lateral and vertical early 
dolomite distribution (Figure 4-2).  Samples were collected at 15 m intervals or 
less depending on facies variability.   
A total of 482 rock samples were collected from the Cupido Formation, 
257 slabbed samples, and 314 thin sections (250 large) were prepared for 
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Figure 4-1.  Location of study area. 
Geographic map and Landsat image illustrating the position of measured 
sections (yellow circles) relative to the Sierra Madre Oriental (SMO) and the 
Coahuila block. Monterrey (M) and Saltillo (S) Mexico are shown for orientation.  
The Coahuila Marginal Fold Province (CMFP) lies northward of the curvilinear 
thrust front (purple line) of the Sierra Madre Oriental.  Anticlines and section 
names from north to south are Potrero Minas Viejas (PMV), Potrero Chico (PC), 
Potrero Garcia (PG1 and 2), Huasteca Canyon (HC), Escalera Canyon (EC), 
Cortinas Canyon (CC), and Chorros Canyon (ChC).  Sections used for spectral 
analysis are Huasteca Canyon (HC), Escalera Canyon (EC), Cortinas Canyon 
(CC), and Chorros Canyon (ChC).  The progradation of the Mesozoic passive 
margin is toward the east, southeast and south away from the Coahuila block.  
The platform margin trend is modified from Wilson (1999) and Foster (2003). 
 
Figure 4-2.  Chorros Canyon. 
Aerial photograph of Chorros Canyon (ChC), SMO near Saltillo, with locations of 
measured stratigraphic sections (dashed purple lines).  The Cupido Formation is 
a combination of the Cupido, regressive, and the Cupidito, transgressive.  The 
Cupidito transgressive portion is difficult to measure within the anticline and it 
therefore was measured along the road cut.  The solid red line represents the 
approximate location of the 2nd-order sequence boundary (SB).  Photo taken by 
Goldhammer (2002). 
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petrographic analysis.  Thin sections were stained with Alizarin Red (Dickson, 
1965) for petrographic description and to identify calcite and aid in grain 
identification.  Thin sections were examined using both conventional transmitted 
light and cathodoluminescent petrography with a Technosyn Cold 
Cathodoluminescence Model 8200 Mk-II (16–20 kV gun potential, 400-600 μA 
beam current, 1 cm diameter focused beam current, and 0.3 torr vacuum).  
Facies were defined on the basis of depositional textures, sedimentary structures 
and fossil content following Dunham’s (1962) classification scheme.  Dolomite 
textures were described following Sibley and Greg’s (1987) classification 
scheme.  Estimating the degree of dolomitization of lithofacies in outcrops was 
carried out by calibrating point-count data of dolomite crystals from 37 thin 
sections, and detailed descriptions of hand samples, with field observations and 
descriptions of lithofacies from outcrops.   
Through detailed petrographic analysis using standard transmitted light 
and cathodoluminescence techniques, fabric-preserving syndepositional 
dolomites with minimal petrographic evidence for recrystallization and allochems 
with least visible evidence for alteration were identified.  Samples for isotope 
analysis were ultrasonically cleaned.  Dolomite and calcite types were 
microsamples (3–15 mg) were collected from ultrasonically cleaned, thick 
sections (500 mm thick) using a bench-mounted milling machine equipped with 
dental drills (250–500 mm Tungsten carbide tips) and a binocular microscope.   
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Oxygen and carbon isotope analyses were conducted at the University of 
Texas, Austin, on a Prism II, dual-inlet, isotope ratio spectrometer.  Samples 
were dissolved in anhydrous H3PO4 at 25ºC for limestone and both 25ºC and 
50ºC for dolomite following procedures outlined in McCrea (1950) and Gao et al. 
(1995).  Precisions for δ18O and δ13C were better than ±0.15‰ and ±0.11‰, 
respectively.   
Stratigraphic setting 
 
The Barremian to Middle Aptian Cupido Formation is exposed in the 
Sierra Madre Oriental (SMO) and the Coahuila Marginal Fold Province (CMFP; 
Figure 4-1).  It forms part of an extensive carbonate system that developed 
around the ancestral Gulf of Mexico (Wilson, 1990; Goldhammer et al., 1991a; 
Lehmann et al., 1998; Goldhammer, 1999: Figure 4-3).  The study area is located 
within the uplifted Sierra Madre Oriental fold belt between Monterrey and Saltillo 
in northeastern Mexico as well as north of the fold belt in the form of isolated 
doubly plunging potreros (Figure 4-1).   
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Figure 4-3.  Stratigraphy of northeastern Mexico.   
(A)  Paleogeography of the Barremian to Lower Aptian in the western Gulf of Mexico, modified from Goldhammer 
(1999).  The Cupido and Sligo platforms are shown in blue.  Outline of Mexico and U.S. border is shown in black.  
The red box outlines the location of the study area.   
(B)  Chronostratigraphic chart for northeast Mexico and Texas Gulf Coast (modified from Goldhammer, 1999).  The 
composite eustatic curve from Haq et al. (1987).  Time scale from Hardenbol et al. (1998) and Gradstein et al. 
(1995). Second-order sequence boundary ages are approximations in Ma.  Abbreviations are: LST-lowstand 
system tracts, TST-transgressive system tracts, HST-highstand system tracts, LSW-lowstand wedge, SMW-shelf 
margin wedge, MFS-maximum flooding surface.  Lithologies are discussed in text, border highlights interval of 
interest.  Pinnacle reefs and buildups are shown as small domes.  FW1 and FW2 refer to parts of the La Casita 




Depositional model for the Cupido Formation 
 
Cupido carbonates developed on a shallow grainstone-rimmed margin 
(Lehmann et al., 1998; Altobi et al., in prep.; Figure 4-4) that was several 
hundred kilometers wide and extended from NE Mexico to Texas and Louisiana 
(Wilson, 1990; Goldhammer et al., 1991a; Lehmann et al., 1998; Goldhammer, 
1999: Figure 4-3).  A shallow lagoon, protected from wave-energy by a 
grainstone shoal complex developed within the shelf and was dominated by 
bioturbated carbonate mud-rich sediments.  In the landward direction, this lagoon 
was about 100 km wide adjacent to the Coahuila block (Lehmann et al., 2000; 
Altobi et al., in prep.; Figure 4-4).   
The Cupido Formation is divided into two parts, a thin-bedded 
progradational LCu (lower Cupido interval) and an overlying thick-bedded 
retrogradational Cupidito member, separated by a 2nd-order sequence boundary 
(Wilson and Pialli, 1977, Goldhammer et al., 1991a; Goldhammer, 1999; Figure 
4-3).  The progradational LCu represents 2nd-order late highstand deposits 
whereas the Cupidito member was deposited during the early part of a 2nd-order 
transgression that caused the retrogradation of all carbonate platforms in the Gulf 
of Mexico and the growth of subsequent reef build-ups prior to drowning (Bebout 





Figure 4-4.  Depositional model. 
Depositional environments across the Cupido platform.  
(A) Idealized shallowing-upward succession of the Cupido lithofacies.  See Appendix A for Key. 
(B) Generalized schematic depositional model of the Cupido platform illustrating the depositional paleo-
environments of the measured sections as they would appear projected along a dip oriented profile.  The shelf 
crest is represented by a shoal complex, not a barrier reef.  The shoal complex provided a barrier to open marine 
influx creating a restricted saltern environment.  See text for detailed descriptions of major facies belts. 
CUPIDO FORMATION CYCLOSTRATIGRAPHY 
Meter-scale high-frequency cycles 
 
The Cupido Formation is characterized by stacked peritidal and subtidal 
high-frequency cycles (Goldhammer et al., 1991a; Goldhammer, 1999; Lehmann 
et al., 1999; Foster, 2003 and Altobi et al., 2004; Altobi et al., in prep.; Figure 4-
5).  It consists of as many as 283 meter-scale (0.2-18 m; average 6 m) 
shallowing-upwards cycles, which can be classified as restricted or open-marine 
(Figure 4-5).  Subtidal facies of restricted peritidal cycles (Table 4-2) consist of 
(1) moderately to intensely bioturbated, thick- to medium-bedded peloidal-
skeletal dolomudstone to grainstone; (2) weakly to moderately bioturbated, thick- 
to medium-bedded thalassanoides burrowed peloidal-skeletal dolopackstone; 
and (3) massive to thick-bedded rudist bioherms and rudist-rich beds.  Subtidal 
facies of open-marine cycles (Table 4-2) are dominated by deeper-water 
lithofacies such as (1) moderately to intensely bioturbated, thick-bedded 
dolomudstone to packstones, and (2) massive to thick-bedded rudist-rich beds.  
Subtidal facies of most peritidal cycles grade up into cycle caps (Figure 4-5) 
composed of cross-stratified grainstone, planar and stromatolitic laminated 
dolomudstone and heterolithic thin-beds.   
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Table 4-2  Summary of facies. 
Facies, types, textures, depositional processes and environment and facies-belts 
of the Cupido Formation.  The location of each facies within the idealized 





Figure 4-5.  High-frequency cycles across the Cupido platform. 
Types of high-frequency cycles across the Cupido platform depending on their depositional setting: A) Peritidal 
cycle, B) Shallow subtidal cycle, C) shoal peritidal cycle, D) Deep subtidal cycle. Facies key is found in Figure 4-4. 
HTB is a heterolithic thin bed. The solid orange bar to the left of each cycle represents the degree of dolomitization. 
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Most of the high-frequency peritidal cycles are asymmetric, capped by 
tidal-flats and vary in type, facies composition, and thickness across the platform 
(Figure 4-5).  Thinner restricted cycles are abundant in the platform interior, 
whereas thicker, amalgamated open-marine cycles are abundant at the shelf 
margin.  Evidence for emergence in cycle caps include sabkha like anhydrite and 
rare mudcracks preserved in cryptalgal laminites (Figure 4-6) as well as the 
presence of bedded evaporites on the lagoonal side of the shoal.  Outer shelf 
cycles, which lack tidal-flat caps, are capped by cross-stratified mixed 
grainstones analogous to those high-energy grainstones in the Joulters Cay 
oolite shoal (Bubb, 1970; Harris et al., 1993).   
Depositional and composite sequences 
 
Stacked high-frequency cycles record general deepening and shallowing 
trends and variations in available accommodation space across the platform.  
Meter-scale high-frequency cycles stack into larger-scale depositional sequences 
(43-96 m), which in turn stack into even larger composite sequences (145-169 m; 
Table 4-3).  Systematic changes in stacking-patterns of high-frequency cycles, 
outlined on the basis of long-term changes in cycle types and variations in cycle 
thickness, define twelve depositional sequences (A-L) and two full and two partial 
composite sequences (I-IV; Figure 4-7).  These depositional sequences correlate 





Figure 4-6.  Exposure features within Cupido facies.   
(A)  Hand sample of a brecciated, laminated mudstone with cryptmicrobial origin.  
(B)  Photomicrograph of evaporite disrupted laminations with inferred 
cryptmicrobial origin. 
 
Table 4-3.  Sequence stratigraphic framework summary. 
Sequence stratigraphic framework for the Cupido Formation showing the major characteristics of interpreted 
composite sequences (I-IV) and internal depositional sequences (A-L), system tract components (highstand, HST; 
Transgressive, TST), dominant facies, type of high-frequency cycles (HFCs) and bounding surfaces: sequence 




Figure 4-7.  Sequence stratigraphic framework. 
Fence diagram combining six measured sections in their relative positions 
(Chorros Canyon, ChC; CC, Cortinas Canyon, CC; Escalera Canyon, EC; 
Potrero Garcia, PG1; Potrero Chico, PC; Potrero Minas Viejas, PMV). Lateral 
correlation of sequences and retrogradational geometry of the platform are 
evident.  Depositional sequences (A-L) and composite sequences (I-IV) and the 
2nd-order sequence boundary (SB) are outlined.  Orange part represents the 
dolomitized lower highstand LCu and the blue part represents the transgressive 
(TST) Cupidito member which is dominantly limestone.  The 2nd-order sequence 
boundary is used as a datum.  La Peña thickness is estimated.  Distances in km. 




Figure 4-7.  Sequence stratigraphic framework. 
Fence diagram combining six measured sections in their relative positions 
(Chorros Canyon, ChC; CC, Cortinas Canyon, CC; Escalera Canyon, EC; 
Potrero Garcia, PG1; Potrero Chico, PC; Potrero Minas Viejas, PMV). Lateral 
correlation of sequences and retrogradational geometry of the platform are 
evident.  Depositional sequences (A-L) and composite sequences (I-IV) and the 
2nd-order sequence boundary (SB) are outlined.  Orange part represents the 
dolomitized lower highstand LCu and the blue part represents the transgressive 
(TST) Cupidito member which is dominantly limestone.  The 2nd-order sequence 
boundary is used as a datum.  La Peña thickness is estimated.  Distances in km. 
Modified from Foster (2003) and Altobi et al. (2004). 
 
correlate with those in the coeval, nearby, Texas platform (Goldhammer, 1999; 
Lehmann et al., 2000; Altobi et al., 2004).   
Depositional and composite sequences are bounded by sequence 
boundaries which exhibit changes in high-frequency cycle type and facies 
characteristics and record turnaround from decreasing accommodation space to 
increasing accommodation space (Mitchum and Van Wagoner, 1991; Kerans 
and Tinker, 1997; Goldhammer, 2003).  The LCu interval is dominated by thinner 
depositional sequences with dominant peritidal and shallow subtidal high-
frequency cycles and increasing abundance of tidal-flats and evaporitic facies.  
The Cupidito member is dominated by thicker depositional sequences composed 
of shallow to deep subtidal high-frequency cycles with decreasing peritidal high-
frequency cycles and restricted facies proportions. 
PETROGRAPHIC AND STRATIGRAPHIC DISTRIBUTION OF DOLOMITE 
Petrography 
 
Two main types of dolomite were recognized in the Cupido carbonates 
based on textural characteristics and cathodoluminescence (Figure 4-8).  
Differences in petrographic characteristics of the Cupido dolomites distinguish 
early from late dolomite and indicate that early dolomite is distinct in origin from 
late dolomite.  Early dolomite occurs primarily as a replacive phase in the Cupido 
carbonates, whereas late dolomite occurs as possible multiple generations of 
dolomite cements within fractures only (Figure 4-8H and I).  Early replacive 
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dolomite is polymodal fine to medium crystalline, has abundant planar (euhedral-
subhedral) crystal boundaries, rare zoning (plane light, PL; and 
cathodoluminescent, CL), and nonluminescent cores (Figure 4-8).  Fine 
crystalline dolomite is associated with mm-scale laminites occurring as cycle 
caps (Figure 4-8A) whereas fine to medium crystalline dolomite is associated 
with subtidal parts of high-frequency cycles (Figure 4-8B).  Early dolomite 
replaced the matrix and some of the grains (partial to full replacement; Figure 4-
8J and K).  In contrast, late replacive dolomite is seen only in fractures within the 
Cupido Formation and is unimodal 50 um to 200’s um in size), has a common 
nonplanar (anhedral) crystal boundaries, and dark luminescent cores and (Figure 
4-8H and I). 
Stratigraphic distribution of early dolomite 
 
The distribution and abundance of early replacive dolomite are 
stratigraphically controlled and constitutes most dolomite in the Cupido 
carbonates.  Early replacive dolomite exhibits minor to extensive replacement 
and overgrowth by late dolomite.  Late replacive dolomite occurs as selective 
replacement of limestone closely associated with fractures and stylolites.  
Whether some late replacive dolomite has had an early dolomite precursor 
cannot be determined given destruction of early dolomite textures and 
geochemistry within those samples.   
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Figure 4-8.  Dolomite textures from the Cupido Formation.   
(A) Photomicrograph of fine-grained dolomite within the matrix and a fracture 
filled with different dolomite texture.  
(B) Photomicrograph of coarse-grained euhedral early dolomite completely 
altering the original fabric. 
(C) and (D) PL and CL photomicrograph showing uniform early dolomite crystals 
(D) and limestone (L).  
(E) and (F) PL and CL photomicrograph showing fine-dolomitized matrix (D) with 
some limestone (L).  
(H) and (I) PL and CL photomicrograph showing large and small fractures (F) 
filled with large dolomite (D) crystals and limestone (L). 
(J) and (K) PL and CL photomicrograph showing fabric selective dolomite (D) 
and remaining limestone (L). 





Early dolomite is abundant within the lower 2nd-order late highstand, thin-
bedded progradational LCu deposits of the Cupido Formation compared with the 
upper 2nd-order early transgressive Cupidito member (Figure 4-9).  
Consequently, my study focuses on the early dolomite distribution within the LCu 
of the Cupido Formation. 
Table 4-4 summarizes the cross-platform, early dolomite distribution within 
high-frequency cycles and depositional sequences of the Cupido Formation.  The 
degree of dolomitization of individual high-frequency cycles is calculated from 
percentage thickness of dolomitized lithofacies within the cycle. Early dolomite is 
common in most peritidal high-frequency cycles, where less than 30% of the total 
cycles that have remained limestone.  The remaining 70% of the cycles are 
partially (20% to 90% dolomite replacement) to completely dolomitized (≥ 90% 
dolomite replacement).  The distribution of early dolomite within partially 
dolomitized cycles consistently exhibit a systematic decrease in early dolomite 
abundance downward from the cycle cap (tidal-flat facies) regardless of the 
precursor grain size.  Within restricted subtidal cycles, early dolomite is 
abundant, and less than 15% of the total cycles that have remained limestone.  
The remaining 85% of the cycles are partially (10% to 90% dolomite 
replacement) to completely dolomitized (≥ 90% dolomite replacement).  The 
intracyclic variation in abundance of early dolomite within peritidal and restricted 
subtidal cycles is closely related to (1) the position of the cycle within the 
depositional sequence and overall stratigraphic hierarchy (Figures 4-9 and 4-10), 
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(2) the proportion of tidal-flat to subtidal facies (Table 4-4), and (3) the location on 
the platform (Figure 4-11). 
Stratigraphic distribution of early dolomite is also controlled by position 
within depositional sequences and overall stacking geometry within the lower 2nd-
order late highstand LCu deposits of the Cupido Formation (Figure 4-9).  
Transgressive system tracts of depositional sequences (A-L) contain abundant 
early dolomite compared to highstand system tracts (Figure 4-10; Smith et al., 
2004).  Transgressive intervals of depositional sequences are composed of 65% 
cycles that are completely dolomitized, 20% cycles that are partially dolomitized 
and 15% cycles that remain limestone.  Regressive intervals of depositional 
sequences are composed of 30% cycles that are completely dolomitized, 55% 
cycles that are partially dolomitized and 15% cycles that remain limestone.  The 
large-scale distribution of early dolomite shows a close relationship to the 2nd-
order sequence boundary within the Cupido Formation as most of the 2nd-order 
LCu is dolomitized (Figures 4-9 and 4-10). 
Intracyclic early dolomite distribution varies with tidal-flat to subtidal facies 
ratio (Table 4-4).  Thick subtidal cycles (average = 8 m) are commonly 
completely dolomitized, whereas thinner, tidal-flat dominated cycles (average = 3 
m) are partially dolomitized.  The relationship between tidal-flat to subtidal facies 
ratios in cycles, dolomite abundance and cycle thickness also correlate with 
lithologic evidence for minimal accommodation or exposure (Figure 4-12).  Tidal-
flat facies in subtidal-dominated completely dolomitized cycles rarely show any  
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Figure 4-9.  Dolomite distribution trend. 
Trend showing significant decrease in dolomite distribution between the 
regressive dolomitized LCu and the transgressive lime-rich Cupidito member of 
the Cupido Formation.  Data are averaged by sequence. 
 Table 4-4.  Intracyclic dolomite distribution within system tracts.. 
Summary of intracyclic dolomite distribution within high-frequency cycles (HFC) 
from transgressive and highstand system tracts of depositional sequences 
interpreted from different stratigraphic sections from across the platform.  





Figure 4-10.  Early dolomite distribution within subtidal and peritidal cycles. 
Intracyclic dolomite variations with respect to depositional sequences and overall 
stratigraphic framework.  Data collected from all measured stratigraphic sections. 
 232
 
Figure 4-11.  Intracyclic dolomite distribution across the platform. 
Intracyclic dolomite distribution across the Cupido platform.  Transgressive high-
frequency cycles are more dolomitized compared to regressive cycles. Degree of 
dolomitization varies across the shallow platform.  Tidal-flat and lagoonal facies 
contain more abundant dolomitized cycles relative ton shoal tidal-flats and shoal 
crest deposits.  Transgressive subtidal cycles are commonly dolomitized, 
followed by regressive peritidal cycles, transgressive peritidal cycles and least 
dolomitized are regressive subtidal cycles. 
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Figure 4-12.  Solution-collapse breccias.   
(A) thick solution-collapse breccia with clasts up to 3.0 m long, dolomitized 
lithified clasts (D).  
(B) small-scale collapse breccia with abundant dolomitized clasts (D) and large 
clast sizes (<0.3 m) 
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evidence of exposure (e.g., sabkha like anhydrite or mudcracks).  In contrast, 
partially dolomitized thinner, tidal-flat dominated cycles show laminites with 
increasing extent of anhydrite nodules and mudcracks (Figure 4-5).   
Intracyclic formation of early dolomite controls the larger-scale platform-
wide distribution of early dolomite.  In general, the abundance of early dolomite 
within cycles decreases from landward to seaward systematically across the 
platform (Table 4-4; Figure 4-11).  Intervals of stacked peritidal cycles dominated 
by dolomite are abundant on the inner platform, whereas, partially dolomitized to 
limestone-rich cyclic intervals are best developed toward the outer platform 
(Table 4-4; Figure 4-11).  On the inner shelf, 70% of the cycles are completely 
dolomitized, 26% are partially dolomitized, and 4% remain limestone.  On the 
middle shelf, 73% of the cycles are completely dolomitized, 24% are partially 
dolomitized, and 3% remain limestone.  On the outer shelf, 41% of the cycles are 
completely dolomitized, 37% are partially dolomitized, and 22% remain 
limestone. 
Lateral continuity and vertical distribution of early dolomite 
 
The most dolomitized cycles in the Cupido Formation occur in the 
restricted subtidal-dominated carbonates in the transgressive portions of 4th-
order depositional sequences in the progradational LCu interval (Figure 4-11).  
Partially to completely dolomitized high-frequency cycles dominate the thin tidal-
flat dominated cycles at the top of highstand system tracts of depositional 
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sequences.  The dolomitized peritidal and restricted subtidal cycles are abundant 
in the middle and inner parts of the platform.  Figure 4-13 shows the distribution 
of dolomitized cycles in a sequence stratigraphic framework from Cupido outcrop 
at Chorros Canyon (ChC; Figure 4-1).  Dolomitization of cycles is pervasive and 
laterally continuous in the transgressive system tracts.  The dolomite bodies cut 
facies tracts and decrease in thickness upward toward the top of the LCu (Figure 
4-13).  Downdip in the lagoon, nearly all the cycles in the transgressive system 
tracts of depositional sequences within the LCu are pervasively dolomitized.  
However, the highstand system tracts of depositional sequences are increasingly 
dominated by partially dolomitized to limestone cycles toward the top of the LCu 
interval (Figure 4-14).   
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Figure 4-13.  Early dolomite distribution at Chorros Canyon. 
Correlation of depositional sequences into larger composite sequences within the Cupido Formation in Chorros 
Canyon (ChC).  Six detailed sections within the LCu show vertical and lateral changes in facies components, high-
frequency cycles type and stacking patterns.  Dolomite (Orange) is abundant and laterally extensive in the 
transgressive portion of depositional sequences compared to the regressive portion.  The systematic change in 
cycle types and dolomite abundance at Chorros Canyon offers a unique opportunity to investigate any possible 




Spatial distribution of completely dolomitized beds along a continuous 
measured section were analyzed using normalized correlation count technique 
(Marrett et al., in review) to determine length scale of clusters if any (Figure 4-
15).  Limestone and dolostones (>90% dolomite) beds from Escalera Canyon 
were to document the spacing between dolomitized beds. This was achieved by 
identifying the contacts between limestone and dolostone beds and measuring 
the distances separating dolostones (thickness of limestone beds). These 
distances (contacts length) were analyzed, to determine cluster widths if any, 
between the dolomitized beds. The contacts at Escalera Canyon (EC; Figure 4-1) 
have a cluster width of 60 m which is the average thickness of depositional 
sequences encompassed within the measured section (Figure 4-15).  The spatial 
correlation forms a plateau profile (Marrett et al., in review; Figure 4-15) above 
the 95% confidence limit.  This indicates that clustering of dolostone/limestone 
contacts is non-random, and is inherited or forced by an external process as 
opposed to being self organized (Marrett et al., in review).   
Farther downdip, the outer shelf section is dominated by partially 
dolomitized and limestone cycles with no apparent relationship between dolomite 
distribution and sequence stratigraphic surfaces (Figures 4-11 and 4-16).  The 
overall dolomite distribution pattern within the LCu of the Cupido Formation 
indicates that dolomitization is more focused across the restricted shelf interior by 
local alteration process or processes that are in turn controlled by an external 




Figure 4-14.  Early dolomite distribution at Escalera Canyon. 
Extensive dolomitization in the transgressive portions of depositional sequences 
(A-K) within the LCu.  Composite sequences (I-IV) show no apparent relation to 
early dolomite distribution. The top of depositional sequence F marks the 2nd-
order sequence boundary.  The degree of dolomitization decreases dramatically 
in the transgressive Cupidito member (see Figure 4-9).  Balck lines mark 
depositional sequence boundaries. Blue triangle represents transgressive system 
tract, red triangle represents highstand system tract. 
  
Figure 4-15.  Clustering of dolomite beds. 
Correlation count of dolomite/limestone contacts along a measured line from 
Escalera Canyon (Figure 4-1).  The X-axis represents the length scale of 
clusters, if any, and the Y-axis represents distribution relative to random data 
sets.  Identified cluster length (width) is 61 m. 
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Figure 4-16.  Early dolomite distribution at shelf margin.  
Dolomite distribution at Huasteca Canyon showing no apparent relationship to 
system tract components of depositional and composite sequences. 
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ORIGIN OF SYNSEDIMENTARY DOLOMITIZATION AND HIGH-FREQUENCY CYCLICITY OF 
THE CUPIDO FORMATION 
Synsedimentary dolomitization 
 
Dolomitization of the Cupido carbonates occurred within individual cycle 
periods as indicated by early dolomite clasts reworked in the overlying 
transgressive base of the next cycle (Figure 4-17).  The presence of layered 
early dolomite in peloidal laminites and mudstones also indicate synsedimentary 
dolomitization.  Dolomitization ‘fronts’ do not cross cut cycle boundaries.  
Stylolites developed within dolomitized beds suggest that dolomitization occurred 
prior to significant burial compaction.  Ortega and Marrett (2001) suggested that 
the degree of dolomitization had the dominant control on early burial fracture 
distribution within the Cupido carbonates.  Hence, dolomitization predated or is 
concurrent with early fracture development. 
Additional evidence for initial dolomitization occurring during deposition of 
individual cycles includes (1) a systematic decrease in dolomite abundance with 
distance downward beneath cycle caps in partly dolomitized cycles (James, 
1984; Strasser, 1988; Figure 4-18), and (2) the restricted basal parts of subtidal 
cycles are dolomitized and the degree of dolomitization decreases systematically 
as slightly open-marine facies were deposited before partially to completely 
dolomitized tidal-flat cycle caps (Table 4-4).  Early dolomite alteration by burial 
diagenetic processes is interpreted to be minimal because fractures are 
 243
 244
Figure 4-17.  Reworked early dolomite clasts.   
(A) Dolomitized laminite clasts are included in the transgressive base of the 
overlying cycle as rip-up clasts in a dolomitized burrowed wackestone/packstone.  
(B) Abundant dolomitized clasts from the underlying cycle cap are mixed in with a 
partially dolomitized transgressive base in skeletal wackestone.  
(C) Dolomitized cryptalgal laminites are broken up in a mini teepee structure and 





Figure 4-18.  Schematic intracyclic early dolomite distribution. 
Early dolomite distribution within a 4.2 meter thick high-frequency cycle from 
Escalera Canyon.  The transgressive base and the regressive top of the cycle 
are dolomitized.  Degree of dolomitization decreases downward from the cycle 
cap. 
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interpreted to have acted as conduits for late dolomitizing diagenetic fluids. 
High-frequency cycles 
 
Meter-scale, shallowing-upward peritidal and restricted subtidal facies in 
the Cupido carbonates were deposited in shallow evaporitic shallow lagoons, 
tidal-flat zones, and supratidal sabkhas during peak Cretaceous greenhouse 
climate conditions (Read, 1995).  Regionally extensive evaporites, solution-
collapse breccia and sabkha carbonates indicate arid to semiarid conditions in 
northeastern Mexico from Barremian to Aptian time similar to the modern arid 
Persian Gulf (Purser, 1973).  Abundant anhydrite nodules in laminites and 
peloidal dolomudstones also suggests arid to semiarid conditions during 
deposition (Hardie and Shinn, 1986; Demicco and Hardie, 1994). 
Meter-scale high-frequency cycles formed in response to high-frequency 
sea-level fluctuations caused by variations in Milankovitch orbital forces (Fischer, 
1964; Berger, 1984; Grotzinger, 1986; Goldhammer et al., 1987; Hinnov, 2000).  
Most individual Cupido cycles are composed of a transgressive base (shallow-
restricted subtidal platform facies) capped by tidal-flat (peritidal to evaporitic 
interior facies) and formed during pulses of short-term high-frequency sea-level 
rises caused by Milankovitch-induced climate changes (Figure 4-19).  Lags in 
sedimentation may have occurred as initial sea level rise outpaced sedimentation 
rates with the sediment surface aggrading to sea level within 15% to 20% of each  
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Figure 4-19.  Milankovitch-signal across the Cupido shelf. 
Blackman-Tukey spectral analysis of measured sections through the Cupido 
Formation exposed at Chorros Canyon, Cortinas Canyon, Escalera Canyon and 
Huasteca Canyon (Figures 4-1).  Color bars indicate platform-wide laterally 
correlated spectral peaks at known Milankovitch periods (Yang et al., 1995; 




cycle period (Koerschner and Read, 1989).  Assuming reasonable progradation 
rates (Holocene rates equal 0.5 to 20 km/kyr; Patterson, 1972; Hardie and Shinn, 
1986), the supratidal portion of the tidal-flats would become emergent with 
continued progradation.   
EUSTATIC CONTROL ON SEQUENCES AND DOLOMITE DISTRIBUTION 
 
Within the study area, the lower 2nd-order late highstand progradational 
LCu of the Cupido Formation is more dolomitized than the upper 2nd-order order 
transgressive Cupidito member (Altobi, 2006; Figures 4-7 and 4-9).  The 2nd-
order sea-level rise caused gradual increase in accommodation space, open-
marine conditions, and backstepping of shallow-carbonate sedimentation farther 
landward.  This resulted in lesser basinward progradational extent of tidal-flats 
(Goldhammer, 1999, Lehmann et al., 2000) and possibly restricted early dolomite 
deposition updip close to the Coahuila block (Montañez and Read, 1992).  The 
LCu is composed of partial composite sequence I and composite sequence II 
(Figure 4-7) with both sequences showing an overall decrease in degree of 
dolomitization upward toward the 2nd-order sequence boundary (top of LCu; 
Altobi, 2006; Figure 4-7).   
Fischer plot analysis of meter-scale high-frequency cycles deviations from 
mean cycle thickness was carried out to evaluate changes in accommodation 




Figure 4-20.  Accommodation plots. 
Fischer plots of the Cupido Formation are combining 3 sections, Chorros Canyon (ChC), Escalera Canyon (EC), 
and Potrero Garcia (PG1) highlighting overall change in accommodation space and lateral correlation of 
depositional sequences (A-K) and composite sequences (I-IV) and their bounding sequence boundaries (SB). 
Read, 1991; Lehrmann and Goldhammer, 1999; Figure 4-20).  Systematic 
deviations in cycle thickness from the mean can be used to infer changes in 
relative sea level (Read and Goldhammer, 1988; Osleger and Read, 1991).  
These plots were also used to display the great lateral extent of interpreted 
composite and depositional sequences, therefore reveal potential eustatic origin 
across the different sections.   
In the Cupido Formation, changes in facies components, cycle thickness, 
and stacking patterns of high-frequency cycles were used to define depositional 
sequences.  Stacked thin peritidal cycles, exposure surfaces, or solution-collapse 
breccia are interpreted as indicators of minimum accommodation space and 
sequence boundaries for individual depositional sequences.  Correlated Fischer 
plots indicate platform-wide changes in sea level generated the interpreted 
depositional sequences within the Cupido Formation.  Sea-level variations 
(fourth-order scale) are probably caused by a combination of climatic processes 
induced by Milankovitch orbital forcing (Figure 4-19).   
Six depositional sequences (A-F) are interpreted in the dolomitized LCu 
and the degree of dolomitization of these depositional sequences decreases 
systematically upward (Figures 4-7 and 4-10).  Variations in abundance of early 
dolomite distribution within the LCu are associated with changes in cycle stacking 
patterns and depositional sequences, suggesting that Milankovitch-driven sea-
level variations coupled with the environmental processes/model strongly 
controlled early dolomite distribution.   
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During 4th-order sea-level rises on Fischer plots, stacks of thick (average = 
10 m) shallow subtidal cycles developed that are characterized on the inner shelf 
by restricted environment lithofacies such as thalassanoides burrows (Figure 4-
21A); bedded requienids and chondrodonts packstones; mixed skeletal 
packstones; and capped by burrowed heterolithic thin beds (Figure 4-5).  On the 
outer platform, stacks of thick deeper subtidal cycles are dominated by bedded 
requienids and chondrodonts packstones (Figure 4-21B), and caprinid rudists 
that overlie the burrowed sediments and interfinger with skeletal packstones 
before terminating in dominantly oolitic grainstone caps (Figures 4-5 and 4-21C).  
These transgressive cycles are commonly dolomitized (Table 4-4), especially 
their lower parts.  Stacks of thick, subtidal cycles define relative increase in 
accommodation space during 4th-order rises in sea level.  This increase in 
accommodation space is recorded in these transgressive cycles by their thick 
proportions of subtidal facies and (Table 4-4) and limited evidence of exposure in 
their tidal-facies caps.  Gradual rises in sea level transformed the depositional 
condition, especially on the inner platform, from dominantly evaporitic to 
restricted resulting in abundant early dolomitization.  These Milankovitch-induced 
4th-order sea-level rises possibly supplied the required fluids onto the shallow 
evaporitic platform and elevated the Mg/Ca ratio resulting in efficient 
dolomitization of subtidal sediments.  Overall, early dolomitization was abundant 
during 4th-order sea-level rises as indicated by 70% of all transgressive cycles 
being completely dolomitized. 
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Figure 4-21.  Subtidal Cupido carbonate facies.   
(A) Field photograph of thalassanoides burrow networks from a view of the 
bedding plane.   
(B) Hand sample of unoriented caprinid rudists in mud rich matrix.  




During 4th-order relative sea-level falls on Fischer plots, stacks of thin 
(average = 3 m) tidal-flat dominated peritidal cycles dominate the platform.  
These cycles are dominantly composed of evaporitic-restricted lithofacies such 
as thalassanoides-burrowed peloidal wackestones/packstones overlain by 
heterolithic thin beds of alternating mudstones and skeletal packstones (Figures 
4-5 and 4-22A).  The cycles are capped by cryptalgal laminites with mudcracks 
and calcitized nodules (originally anhydrite; Figures 4-5, 4-6 and 4-22B).  These 
restricted peritidal cycles likely record reduced accommodation space during 4th-
order sea-level falls.  Extended durations of tidal-flat progradation, evaporitic 
conditions and emergence are indicated by high proportions of tidal-flat facies, 
mudcracks, evaporite nodules and solution-collapse breccia (Figures 4-6 and 4-
12).  These regressive cycles dominantly are partially to completely dolomitized 
(Table 4-4).  Dolomite, however, is restricted to cycle caps and decreases 
systematically away from the cycle cap suggesting limited synsedimentary 
dolomitization during highly evaporitic conditions (Folk and Land, 1975). 
Other controls: (1) Rates of sea-level rise 
 
Rates of sea-level rise may have influenced dolomite distribution in the 
Cupido platform.  Rapid rates of some 4th-order sea-level rises could have 
resulted in platform-wide occurrence of limestone, partially dolomitized, and 
maybe some dolomitized cycles within transgressive parts of depositional 
sequences in open-marine conditions.  However, dolomitization would have been  
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Figure 4-22.  Peritidal Cupido carbonate facies.   
(A) Hand sample illustrating the thin laminations on a mm scale, the tan layers 
are mudstones and the black layers are packstones.   
(B) Photomicrograph of alternating micrite dominated layers and packstone 
layers containing fossil debris and peloids. 
(C) Photomicrograph of dolomitized laminated mudstone. 
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more abundant during slow rates of 4th-order sea-level rise.  With gradual 
increase in accommodation space, the depositional environments slowly 
switched from dominantly evaporitic to restricted and maybe slightly open-marine 
settings for brief time periods.  The resultant depositional environments would 
have been dominated by dense hypersaline fluids capable of dolomitizing large 
areas and rock volumes.  Simultaneously, a landward shift in tidal-flat deposition 
(Altobi et al., in prep.) would induce synsedimentary dolomitization farther updip 
resulting in platform-wide early dolomite deposition.   
(2) Shoal crest geometry 
 
Tidal-flats are interpreted to have developed on the landward side of the 
shoal, close to the lagoon (Altobi et al., in prep.; Figure 4-4).  These tidal-flats 
prograded toward the lagoon depocenter during 4th-order sea-level falls and 
narrowed as the shoal aggraded to keep up with increasing accommodation 
during 4th-order sea-level rises (Figure 4-23).  Most high-frequency cycles from 
the outer shelf remain limestone with some being partially dolomitized (10% are 
completely dolomitized cycles, 52% are partially dolomitized and 38% remain 
limestone; Table 4-4).  This dolomite distribution probably controlled by variation 
in accommodation space is caused by sea-level variations or sediment 




Figure 4-23.  Generalized depositional and platform wide dolomitization. 
(A) The restricted early portion of the transgressive system tract.  
(B) The unrestricted late portion of the transgressive system tract. 
C) Highstand system tract capped by a sequence boundary represented by a 
broad gypsum layer lying above a sequence boundary (SB) and highstand 
package of facies.  Vertical exaggeration is approximately 100X. 
(3) Platform geometry 
 
Montañez and Read (1992) documented early dolomite distribution within 
the Early Ordovician Upper Knox carbonates.  The Upper Knox platform 
developed as a gently dipping ramp which is now exposed in the fold and thrust 
belt of the Valley and Ridge province of the central and southern Appalachians.  
They investigated early dolomite distribution at both high-frequency cycle- and 
larger-scale 3rd-order sequences.  Upper Know cyclic carbonates are extensively 
dolomitized; as much as 85% of all dolomite is stratiform and consists of early 
dolomite exhibiting minor to extensive modification by burial dolomite (Montañez 
and Read, 1992).  They interpreted that third-order depositional sequences 
control the stratigraphic positions of early dolomite as regressive facies tend to 
be predominantly dolomitized whereas transgressive facies retain abundant 
limestone.  Within the Upper Knox carbonates, third-order transgressive 
deposits, high-frequency cycles are dominantly subtidal with limestone facies and 
dolomitized cycle cap.  However, most of the high-frequency cycles within third-
order highstand deposits are partially to completely dolomitized.  The large-scale, 
cross platform distribution of early dolomite within cycles deceases systematically 
across the platform.  Peritidal cycles of regional highs and inner platform are 
dominated by dolomite, whereas limestone-rich cyclic intervals are best 
developed towards depocenters and on the outer platform.  The large-scale 
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patterns are similar to Smith et al. (2004) study of dolomite distribution within the 
Madison carbonate ramp in central Wyoming.   
On the contrary, subtidal facies are dominantly dolomitized within the 
Cupido carbonates with peritidal cycle caps being dominantly dolomitized in 3rd-
order regressive deposits.  The Cupido is a rimmed platform with well developed 
lagoon in the shallow shelf.  This ramp to rimmed variation in platform geometry 
might have played a role in controlling early dolomite distribution patters between 
the two formations.  
EVIDENCE AGAINST DOLOMITIZATION BY BURIAL PROCESSES 
 
Cupido carbonate, tidal-flats and subtidal, facies were dolomitized 
syndepositionally early in their history.  Preferential selective burial dolomitization 
has been suggested as an alteration process for fine-grained facies, similar to 
those of Cupido, due to their mineralogy, grain size and increased reactivity with 
burial temperatures (Bullen and Sibley, 1984; Sibley et al., 1987).  Hardie (1989) 
suggested that fine-grained facies are preferentially dolomitized because of their 
higher permeabilities compared to coarse-grained facies.  Basic conditions 
required for burial dolomitization include a through flow of warm to hot, 
magnesium-rich basinal fluids.  However, more recent concepts of burial 
dolomitization suggest that it is part of a continuing series of dolomitization 
events that begin early in the depositional, diagenetic cycle and are over-printed 
during burial (Banner et al., 1988; Gao et al., 1995; Amthor et al., 1993; Kupecz 
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et al., 1993; Wojcik et al., 1994; Montañez, 1994; Kupecz and Land, 1994; 
Ayalon and Longstaffe, 1995; Warren, 2000). 
Selective burial dolomitization is unlikely in the Cupido Formation because 
different fracture sets developed at different stages during burial (Oretga and 
Marrett, 2001; Monroy-Santiago et al., 2001; Ortega, 2002) and may have acted 
as flow pathways for burial fluids.  Added to this, dolomitized fractures have 
different luminescence (dull-dark) compared to matrix dolomite (Figure 4-8).  
More evidence against burial dolomitization is indicated by some facies 
remaining limestone in some parts of the platform and completely dolomitized in 
other parts. This supports a sea-level control on dolomite distribution instead of 
selective dolomitization during burial (Montañez and Read, 1992). 
DOLOMITIZATION ENVIRONMENT AND MODEL FOR THE CUPIDO FORMATION 
Dolomitization environment 
 
The close associations of evaporitic to restricted lagoonal conditions and 
pulses of platform-wide flooding with early dolomite distribution in the Cupido 
Formation suggests that early dolomitization occurred in an arid climate and was 
caused by dense altered sea-water brines.  Applying modern models of near 
surface dolomitization to the origin of ancient dolomitized platforms, such as the 
Cupido platform, is made difficult by several factors.  The fabrics and 
geochemistry of ancient dolomite differ significantly from modern dolomite 
because of complex history of stabilization and maybe several generations of 
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dolomitization fluids (Gao and Land, 1991; Montañez and Read, 1992; Kupecz et 
al., 1993; Warren, 2000).  Secondly, stable-hydrologic systems sustaining 
continuous flow of dolomitizing fluids, which are not present in modern 
environments, are required for massive dolomitization.  Finally, there is very little 
modern dolomite compared to ancient dolomite (Warren, 2000).  Ortega (2002) 
suggested that hypersaline reflux-induced dolomitization (Lucia and Major, 1994) 
as a possible alteration process within the Cupido Formation. 
Sabkha dolomitization (similar to Holocene Persian Gulf) has been 
proposed as a modern analog model for tidal-flat dolomitization (Mackenzie, 
1981; Shinn, 1983; Montañez and Read, 1992; Illing and Taylor, 1993; Wenk et 
al., 1993; Chafetz and Rush, 1994; Warren, 2000).  Given space and individual 
cycle time, the sabkha model can generate early dolomite with significant vertical 
and lateral extent (Patterson, 1972; Purser, 1973; Mackenzie, 1981; Shinn, 1983; 
Montañez and Read, 1992; Wenk et al., 1993).  With seawater supplying 
magnesium, the dolomitization zone would be very broad (10s of km) during 
continued tidal-flat progradation within individual high-frequency cycle durations 
(Montañez and Read, 1992; Wenk et al., 1993). 
Model for synsedimentary dolomitization 
 
Within the Cupido Formation, early dolomite is abundant in the early 
transgressive deposits of depositional sequences and late regressive sediments 
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capping these depositional sequences.  This can be the result of dolomitization 
process or processes operating at different scales and times.   
Widespread evaporite deposition similar to the Cupido is associated with 
brine-reflux dolomitization (Adams and Rhodes, 1960; Hsu and Siegenthaler, 
1969; Warren, 1999; 2000).  This model explained the massive dolomitization of 
the Permian reef complex where backreef, shelf and lagoonal carbonates are 
intensely dolomitized, while shelf edge carbonates, such as the Capitan reef, are 
not.  However, there are no modern counterparts to most types of ancient 
marine-platform and basin-wide evaporites, hence, there are no modern 
counterparts to brine-reflux dolomites.  There are, nevertheless, other islands in 
the tropics where localized brine reflux, associated with hypersaline conditions, is 
apparently forming Holocene dolomites.  Müller and Teitz (1971) documented 
brine-reflux dolomite replacing earlier carbonate cement in skeletal grainstones 
on the shoreline in Fuerteventura in the Canary Islands.  Kocurko (1979) found 
brine-reflux dolomite a few meters above the high tide line, in the spray-zone 
pools of the shoreline of San Andres, Columbia.  However, the hydrologies of 
modern brine-reflux dolomites never approach the scale of processes required to 
dolomitize shelf carbonates adjacent to ancient evaporites.  In the Cupido, a 
broad shallow lagoon protected from open-marine circulation by a grainstone 
shoal complex (Figure 4-4) allowed evaporite deposition during falling sea level 
and sinking dense brines to form reflux dolomite.  This reflux process is tied up to 
falling stages of sea level (Adams and Rhodes, 1960; Warren, 1999, 2000). 
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Early dolomitization forming in tidal-flat cycle caps is analogous to modern 
day dolomitization in coastal sabkha of the Persian Gulf (Illing et al., 1965; 
McKenzie, 1981; Patterson and Kinsman, 1982; Montañez and Read, 1992; 
Warren, 2000).  In sabkhas, dolomite forms from modified (evaporitic) seawater 
within and below the tidal-flats surface in response to falling sea level and 
progradation (Illing et al., 1965; Patterson, 1972; McKenzie, 1981; Patterson and 
Kinsman, 1982; Warren, 2000).  Dolomite abundance decreases away from 
sabkha surface with distance underneath (McKenzie et al., 1980; Patterson and 
Kinsman, 1982) which is similar to decreasing dolomite abundance away from 
cycle caps in peritidal cycles in the Cupido Formation (Altobi et al., 2004; Altobi, 
2006) and many ancient peritidal cycles (James, 1984; Strasser, 1988; Montañez 
and Read, 1992; Kupecz and Land, 1994).  However, distribution of modern 
dolomite in the Persian Gulf is limited to narrow discontinuous zones of the 
sabkha (Purser, 1973; Patterson and Kinsman, 1982; Warren, 2000).  
Furthermore, early dolomitization of tidal-flats in the Persian Gulf has been active 
only for less than 4000 years (Purser, 1973; Patterson and Kinsman, 1982; 
Montañez and Read, 1992).  On the other hand, as much as 80% of the Cupido 
Formation has been replaced by early dolomite over large broad areas.  Added 
to this, early dolomitization occurred during the deposition of most high-frequency 
cycles (~278) in the Cupido and was active for part if not the entire duration of 
each cycle (18.4 kyr). 
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Subtidal dolomitization forming due to gradual rise in sea level over broad 
and evaporitic areas produced thick dolomitized successions of Upper Cambrian 
and Lower Ordovician carbonate rocks in the Eastern U.S (Harris, 1973) with sea 
water being the fluid source (Land, 1985; Morrow, 1982; Machel and Mountjoy, 
1986).  The dilution of brines developed over the shallow shelf by seawater can 
move the solution into the dolomite stability field (Folk and Land, 1975).  
Mazzullo et al. (1997) documented occurrence of Holocene dolomite forming 
syndepositionally in the shallow-subtidal sediments in northern Belize.  Isotopic 
analysis of surface water and pore fluids suggest normal-marine salinities for 
dolomitizing fluids (Teal et al., 1998).  However, dolomitization in northern Belize 
is limited (Mazzullo et al., 1997) compared to the dolomitization extent of the 
Cupido platform.   
A gradual rise in sea level flooding the evaporitic shallow Cupido shelf 
would result in restricted conditions and evaporite deposition within the broad 
restricted shallow lagoon.  Deposition of evaporites may have been responsible 
for dolomite formation near the top underlying sediments by refluxing brines 
(Figure 4-24A).  Continued evaporation and anhydrite deposition within the 
lagoon would result in hypersaline brines.  As sea level continued to rise, early 
transgressive mud-dominated high-frequency cycles with low tidal-flat to subtidal 
ratio are deposited in a low energy setting.  Added seawater dilutes the 
hypersaline brines in the lagoon, shifting the solution into the dolomite stability 
field (Figure 4-24B and 25; Folk and Land, 1975).  Continued rise in sea level 
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switches the depositional setting within the lagoon from restricted to open-marine 
and shifts tidal-flat deposition further landwards.  Grain- to mud-dominated open-
marine cycles with no tidal-flat caps or low tidal-flat to subtidal ratio are deposited 
within the lagoon (Figure 4-24C).  Early transgressive high-frequency cycles are 
dominantly dolomitized (70% of the cycles are partially to completely dolomitized; 
Table 4-4). 
As sea level starts to fall, thinner progradational peritidal cycles with 
increasing tidal-flat to subtidal ratios are deposited on either side of the lagoon 
(Figure 4-24D).  Most of these cycles have dolomitized caps and dolomite 
abundance decreases with distance below the cycle cap (Figure 4-19).  This 
limited extent of dolomitization is similar to the Holocene sabkha of the Persian 
Gulf (Purser, 1973; Mackenzie, 1981; Patterson and Kinsman, 1982; Shinn, 
1983; Montañez and Read, 1992; Wenk et al., 1993; Warren, 2000).  Continued 
falling sea level and progradation will lead to platform-wide tidal-flat deposition 
and periods of emergence resulting in evaporitic conditions and early 
dolomitization (Purser, 1973; Patterson and Kinsman, 1982; Montañez and 
Read, 1992; Warren, 1999, 2000; Figure 4-24E).  Regressive high-frequency 
cycles are dominantly dolomitized (85% of the cycles are partially to completely 




Figure 4-24.  Dolomitization model. 
Proposed mechanisms for dolomitization across the Cupido platform with a 
single pulse of sea-level fluctuation.  See text for details. 
 
Figure 4-25.  Dilution and dolomitization. 
Stability of major carbonate minerals in relation to Mg/Ca ratio and salinity of 
Fluids. Note how dilution of brine by seawaters can move the solution into the 
dolomite stability field (after Folk and Land, 1975). 
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The variation in degree of dolomitization of transgressive and regressive 
system tracts of depositional sequences is probably controlled overall trend in 
accommodation space.  Within the LCu of the Cupido Formation, the degree of 
dolomitization decreases toward the 2nd-order sequence boundary.  It also 
indicates that subtidal dolomitization is dominant as overall dolomite distribution 
decreases with decreasing thicknesses of transgressive system tracts (Figures 4-
13 and 4-14).   
Stable isotopes  
 
The present day fabrics and geochemistry of Cupido dolomites likely 
record multiple events of dolomitization and recrystallization (Monroy-Santiago et 
al., 2001).  Figure 4-26 shows stable isotope values for 17 samples from the LCu 
of the Cupido Formation.  Oxygen isotope values for the dolomites range from +4 
to -10‰, with a median δ18O value of -1.2‰ PDB (Figure 4-26).  Carbon isotope 
values range from +1 to +7‰ with a median δ13C value of+2.6‰ PDB (Figure 4-
26; Appendix E).  If the dolomite had formed solely because of seepage reflux of 
evaporated seawater without further modification, the δ18O values would be 
approximately +4‰ (Warren, 2000; Moore, 2001).  The median oxygen value is 
approximately 5‰ more negative, and the range is 2-14‰ more negative than 
expected of evaporated sea-water values.  This supports a complex 
dolomitization and recrystallization history recorded by present day isotopic 
















Figure 4-26.  Stable isotope values for Cupido dolomites. 
Dolomitization periodicity 
 
The calculated order of magnitude of time required for dolomite 
replacement of a volume of sediment representative of deposition over one cycle 
period vary over large area of fluid recharge and volume of carbonate to be 
dolomitized (Montañez and Read, 1992; Fullmer, 2005).  Required time ranges 
from 0.3-1 kyr (Fullmer, 2005) to 40-400 kyr (Montañez and Read, 1992).  
Temporal correlation of completely dolomitized high-frequency cycles within the 
LCu of the Cupido Formation at Chorros Canyon (ChC; Figure 4-1) shows 
periodic arrangement (Figure 4-27A) with clustering every 319 kyr (Figure 4-
27B).  However, the analysis does not identify the location of the clusters.  This 
period cluster should vary in different locations as the dolomitization pattern 
varies across the platform.  For example, thickness clustering of completely 
dolomitized cycles from Escalera Canyon shows a cluster with 61 m length scale 
(Figure 4-15).  The paleogeographic position of Escalera Canyon is different from 
Chorros Canyon (Figure 4-4) and the pattern of dolomitization varies as facies 
and system tract components of each depositional sequence changes along the 
LCu carbonates (Figures 4-5, 4-7, 4-9, 4-10, and 4-11).   
Despite the above limitations, thickness clusters of completely dolomitized 
cycles at Escalera Canyon (Figure 4-15) and periodicity clusters of completely 
dolomitized cycles within the LCu sediments at Chorros Canyon (Figure 4-27) 




Figure 4-27.  Period control on dolomitization. 
Correlation and significance of dolomitized cycles distribution with time.  (A) 
Temporal correlation of completely dolomitized high frequency cycles from 
Chorros South section (ChC S in Figure 13) showing periodic character.  (B) 
Power spectrum of periodicity for dolomite distribution using Blackman-Tukey 
transform (Blackman and Tukey, 1958 and Pardo-Igúzquiza and Rodriguez-





in duration (294-338 kyr; 337 kyr at Chorros South section).  Milankovitch-
induced 4th-order sea-level events are interpreted to be the driver behind 
depositional sequences in the Cupido carbonates and therefore may also control 
early dolomite distribution within the LCu.  This eccentricity equivalent periodicity 
(E1; Figure 4-17; Yang et al., 1995; Hinnov, 2000) can produce required sea-
level changes to form shallow-marine high-frequency cycles in carbonate 
platforms by different climate processes. 
1. Melting of small ice caps or alpine glaciers (Frakes and Francis 1988). 
2. Thermal expansion and contraction of ocean water (Donovan and Jones 
1979; Revelle, 1990; Elder et al., 1994).   
3. Changes in water volume stored in lakes and groundwater reservoirs (Hay 
and Leslie, 1990; Jacobs and Sahagian, 1995; Barron et al., 1995).   
The interpreted dolomite clustering and time periodicity is not assumed to 
be valid for all shallow-marine carbonate platforms and expected to vary.  
Variation is expected within the Cupido platform itself due to different  
characteristics within different depositional environment and setting.  Also, the 
operating dolomitization mechanisms vary between different location and times 
across the platform depending on sea-level fluctuations (Figure 4-24).   
CONCLUSION 
 
Platform-wide dolomitization of the cyclic LCu carbonates occurred in 
modified seawater/brine within subtidal and supratidal zones, both at high-
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frequency cycle-scale and depositional sequence-scale.  Synsedimentary 
dolomitization is suggested by the presence of dolomitized clasts, eroded from 
the underlying cycle caps, in the transgressive base of cycles.  The degree of 
dolomitization of lithofacies is the dominant control on early fracture distribution 
within the cyclic LCu carbonates indicating that dolomitization predates or 
concurs early fracture development.  Hypersaline conditions during early 
dolomitization are indicated by the presence of bedded evaporite, the common 
occurrence of early dolomite in laminites and restricted subtidal facies. 
Cyclic sedimentation and synsedimentary dolomitization within Cupido 
carbonates are strongly controlled by sea-level changes.  Meter-scale high-
frequency cycles formed in response to Milankovitch-induced high-frequency 
sea-level fluctuation superimposed on larger sea-level events.  Early 
dolomitization occurred within each high-frequency cycle during early sea-level 
rises in subtidal sediments and during sea-level falls and progradation in tidal-flat 
caps.  Distribution of early dolomite shows a strong relationship to 4th-order sea-
level events suggesting that low-frequency (3rd and 2nd) sea-level changes also 
play a major role in overall early dolomite distribution.  The transgressive portions 
of 4th-order depositional sequences are pervasively dolomitized compared to the 
regressive portions.  Thicknesses of dolomitized cycles clusters at Escalera 
Canyon are equal to the thicknesses of 4th-order depositional sequences. 
The proposed dolomitization processes, influenced largely by evaporitic 
conditions and gradual rises and falls in sea level, overcomes the restrictions of 
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applying modern analogs only to constrain the origin of ancient massive 
dolomitized successions.  These processes can generate vertically and laterally 
extensive dolomite given enough time and a broader area (10s of kilometers of 
shallow shelf) of active dolomitization than modern Holocene dolomitizing 
environments.  Stable isotopes likely recorded multiple episodes of dolomitization 
and recrystallization instead of a single evaporitic-induced dolomitization. 
Thickness (Escalera Canyon) and periodicity (Chorros Canyon) clusters of 
completely dolomitized cycles within the LCu sediments are equivalent to 4th-
order depositional sequences in thickness (58 m thick average) and in duration 
(294-338 kyr).  Therefore, Milankovitch-induced 4th-order sea-level events may 
control early dolomite distribution within the LCu.  Even though thickness and 
periodicity clusters of dolomitized cycles were quantified, they are not assumed 
to be uniform across the Cupido platform, and not in the least valid for all 
shallow-marine carbonate platforms.  This is because the operating 
dolomitization mechanisms vary with locations and time across a single platform, 
depending on sea-level fluctuations. 
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Chapter 5.  Conclusions 
SUMMARY 
 
The shallow-marine Cupido shelf exhibits well-developed cyclicity.  Meter-
scale deep subtidal to peritidal high-frequency cycles vary in thickness, facies 
components, type, and degree of early dolomitization depending on their relative 
lateral position along the platform profile, their vertical position within individual 
depositional sequences and the overall sequence stratigraphic framework.  This 
study integrated several stratigraphic sections, enabling a more robust 
correlation that resulted in the recognition of 4 additional depositional sequences, 
one composite sequence and the retrogradational nature of the Cupidito 
member.  This high-resolution framework, in turns, reveals subtle complexities 
and controls on facies models not evident from previous studies. 
Two full and two partial 3rd-order composite sequences, and a total of 
twelve 4th-order depositional sequences were interpreted within the Cupido 
Formation.  Six depositional sequences (A-F), comprising the highstand part of 
composite sequence I and composite sequence II, are interpreted and correlated 
across the platform within the LCu of the Cupido Formation.  They are dominated 
by peritidal cycles capped by heterolithic thin beds or laminites.  The proportion 
of subtidal to peritidal high-frequency cycles decreases in depositional 
sequences A-F, along with the thickness of these depositional sequences.  A 
total of six depositional sequences (G-L), comprising composite sequence (III) 
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and a partial composite sequence (IV), are interpreted within the Cupidito 
member with a back-stepping geometry caused by landward shift in carbonate 
sedimentation due to rising sea level.  This aggradational to retrogradational 
geometry supports a gradual rise in sea level allowing sediment production to 
keep pace during the early stages of transgression. 
Field observations and interpretation coupled with time-series analysis of 
high-frequency cycle thicknesses within the shallow-marine Cupido shelf support 
an allocyclic driving mechanism.  Symmetric and asymmetric peritidal and 
subtidal cycles correlate across facies tracts and are mostly capped by tidal-flat 
facies, however, incomplete subtidal cycles (pure subtidal cycles that lack tidal-
flat caps) were also interpreted in different parts of the Cupido shelf.  Cycles also 
vary in thickness and facies components as a result of progradation and 
retrogradation. 
Sedimentation rate-cumulative time-series analysis of precession-tuned 
spectra of this cyclicity revealed the persistence of three eccentricity (E1, E2, and 
E3) signals and two obliquity peaks with Milankovitch periodicities throughout the 
sections. The peaks occur at the principal orbital eccentricity periodicities E1 
(264-392 kyr), E2 (89-98 kyr), and E3 (107-126 kyr) and related obliquity 
component peaks at period (38-59 kyr).  These peaks show strong vertical and 
lateral correlation across the shelf further supporting lateral continuity of high-
frequency cycles and Milankovitch-induced sea-level fluctuation as driving 
mechanism for the cyclic hierarchy interpreted within the Cupido Formation. 
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These fluctuations might subsequently play a role in controlling the distribution of 
diagenetic processes within the Cupido carbonates. 
Platform-wide dolomitization of the cyclic LCu carbonates occurred in 
modified seawater within subtidal and supratidal zones, both at high-frequency 
cycle-scale and depositional sequence-scale.  Hypersaline conditions during 
early dolomitization are indicated by the presence of bedded evaporite, and the 
common occurrence of early dolomite in laminated and restricted facies.  The 
proposed dolomitization processes, influenced largely by evaporitic conditions 
and gradual rises and falls in sea level, can generate vertically and laterally 
extensive dolomite given enough time and a broader area (10s of kilometers of 
shallow shelf) of active dolomitization than that observed in modern Holocene 
dolomitizing environments.  Stable isotopes appear to record multiple episodes of 
dolomitization and recrystallization instead of a single evaporitic-induced 
dolomitization events. 
Cyclic sedimentation and synsedimentary dolomitization within Cupido 
carbonates are strongly controlled by changes in basin-wide sea level.  
Synsedimentary dolomitization took place in subtidal sediments during sea-level 
rises and in tidal-flat caps during sea-level falls and progradation.  Distribution of 
early dolomite shows a strong relationship to 4th-order sea-level events as 
transgressive portions of depositional sequences are dolomitized compared to 
the regressive portions.  
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Thickness (Escalera Canyon) and periodicity (Chorros Canyon) clusters of 
completely dolomitized cycles within the LCu sediments are equivalent to 4th-
order depositional sequences in thickness (58 m thick average) and in duration 
(294-338 kyr).  Therefore, Milankovitch-induced 4th-order sea-level events may 
control early dolomite distribution within the LCu.  
IMPLICATIONS 
 
(1) External Milankovitch-driven global climatic changes produced low-
amplitude, high-frequency sea-level fluctuations through a combination of 
climatic processes to produce meter-scale high-frequency cycles during 
greenhouse conditions.  These results support global widespread Milankovitch 
signal embedded in the development of Mesozoic cyclic shallow-marine 
carbonate platforms and possibly other greenhouse platforms.  
(2) The high-resolution sequence stratigraphic framework for the Cupido 
Formation, and detailed depositional and facies model can be applied to similar 
reservoirs for better understanding of facies distribution, high-frequency cycle 
development and their lateral continuity. This high-resolution framework will also 
add useful insights to future studies of Lower Cretaceous carbonate sequence 
stratigraphy and the nature of drowning carbonate platforms. 
(3) Even though thickness and periodicity clusters of dolomitized cycles 
were quantified, they are not assumed to be uniform across the Cupido platform, 
and not in the least valid for all shallow-marine carbonate platforms.  This is 
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because the operating dolomitization mechanisms vary with location and time 
across a single platform, depending on sea-level fluctuations.  However, the 
Cupido outcrops offer a great opportunity to further investigate eustatic controls 
on dolomitization.  Different outcrops across the platform offer multiple variables 
that possible control early dolomite distribution.  For example, period, thickness, 
cycle type, paleogeographic location, stratigraphic position and extent of 
hydraulic area, can all be used to evaluate the extent of operating dolomitizing 
mechanisms for specific platforms at specific depositional setting, sea levels 
and/or climate periods. 
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Appendices 
Paper copies of this dissertation are kept at the Perry Castañeda Library, 
The University of Austin, and the Geology Library, Jackson School of 
Geosciences, The University of Texas at Austin. These paper copies contain a 
CD with the appendices in digital PDF (http://adobe.com) format. Additional 
copies of the appendices in digital form can be provided by the author. 
 
APPENDIX A: MEASURED STRATIGRAPHIC SECTIONS 
Fifteen measured section from the Cupido Formation, are located in folder 
(Appendix A). The symbol key used is included as KEY.PDF. 
 
APPENDIX B: PETROGRAPHY 
A list of all the samples and thin sections with brief descriptions is located 
in folder (Appendix B). A subfolder (photos) contains all the images used in the 
dissertation and petrography. 
APPENDIX C: FACIES DISTRIBUTION AT EACH STRATIGRAPHIC SECTION 
Histogram plots of total facies distribution at individual stratigraphic section 
are found in (Appendix C).  
APPENDIX D: CORRELATIONS 
Fence diagrams and larger prints containing correlation of the measured 
sections are located in folder (Appendix D). 
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APPENDIX E: CORRELATIONS 
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